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Hollandite is one of the promising crystalline ceramic materials to immobilize the 
radioactive cesium (Cs) elements in nuclear waste stream. Hollandite waste forms have 
superior chemical durability, energetic stability, and Cs loading comparing to the most 
widely used borosilicate glasses. In this dissertation, various properties and performance 
of different hollandites are investigated including structure, energetic stability, leaching-
resistance, and electrical properties. More importantly, some underlying correlations 
among these scientific fundamentals are also discussed. As comprehensive understanding 
of this unique tunnel-structured material class is developed, general principles might be 
summarized and be further used to more effectively direct materials design for a broader 
range of applications (e.g., fast-ionic conductors and electrode materials in battery systems) 
instead of the sole nuclear waste disposal. The structure of this dissertation is developed as 
follows. 
In chapter 1, history and applications of hollandite-type materials, background of 
important methodologies and approaches, and scientific objectives are given. In chapter 2, 
general experimental procedures are described from sample synthesis, characterization, 
and analytical techniques. In chapter 3, the effect of Cs substitution on hollandite structure 
is studied and the results indicate that a monoclinic-to-tetragonal phase transformation 
could be induced by increasing Cs content in the tunnels. In chapter 4, the energetic 
stability of hollandite waste forms is evaluated by using high-temperature oxide melt 
solution calorimetry. In general, higher Cs-containing compositions exhibit higher stability 
which might be attributed to tetragonal symmetry, smaller RB/RA, larger tolerance factor 
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and optical basicity. In chapter 5, it is found that Cs release in an aqueous environment is 
also significantly suppressed by increased Cs content, which is supported by elution studies 
of radioactive 137Cs. In chapter 6, the mechanisms of radiation damage and thermal 
recovery are investigated. Distinct radiation stability observed in different hollandites are 
resulted from the constituent binary oxide form of corresponding B-site dopants (e.g., 
Ga2O3). Specifically, the Ga-doped hollandite exhibited superior radiation-resistance 
comparing to Fe-and Zn-doped analogues. The mechanism of thermal recovery is complex 
and decoupled at different length-scales based on the combined thermal and structural 
analysis. In chapter 7, effects of crystal structure, A-site cations, A-site occupancy, and B-
site cations on electrical properties of Na, K, and Cs hollandite systems are investigated. 
Generally, tetragonal symmetry, smaller tunnel cations, and intermediate A-site occupancy 
(e.g., ~75%) would enhance ionic conductivity. In contrast, severe electronic conductivity 
might be introduced if transition metals or multivalent elements are doped on B-sites. In 
chapter 8, the correlations among different properties and performance of hollandite-type 
materials are discussed and developed. In chapter 9, the most important highlights of 
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1.1 History of hollandite 
Historically, a new class of manganate containing barium, manganese, and iron was 
found from the manganese-ore deposit at Kájlidongri, Jhábua State, Central India. This 
manganate was first described in 1906 by Fermor and he proposed the name of hollandite 
for this crystalline mineral after Sir Thomas Henry Holland, geologist, educational 
administrator, and Director of the Geological Survey of India [1]. The formula of the 
hollandite sample obtained from the Kájlidongri deposit [2] was derived as 
Ba0.952+ (Mn0.602+ Al0.15
3+ Fe1.103+ Mn6.284+ )O16. It is now known that hollandite is isostructural with 
many other manganese minerals such as coronadite, cryptomelane and α-MnO2. In this 
isostructural series, a framework exists with channels along the c axis is formed by multiple 
(MnO6) octahedra [2–6]. For simplicity, a compound belonging to the abovementioned 
isostructural series will be identified as a hollandite-type material in the rest of this 
dissertation. In 1951, Norrish found a new hollandite-type mineral called priderite in which 
manganese (Mn) was completely substituted by titanium (Ti) and iron (Fe) forming the 
new octahedra framework [7]. A series of hollandite-type compounds Bax(MgxTi8-x)O16 
were synthesized by Dryden and Wadsley in 1958 [8]. Since then, various elements were 
successfully substituted in the octahedral framework, exhibiting great structural tolerance 
and compositional flexibility of the hollandite-type structure [6,9]. Although numerous 
fundamental studies were investigated on hollandite materials, their potential application 
had not been proposed until the 1970s.  
 2 
1.2 Background of hollandite and general approaches 
1.2.1 Nuclear waste forms 
In the late 1970s, Ringwood et al. [10–13] demonstrated for the first time that 
titanate-based hollandite (BaAl2Ti6O16) might be a more stable and durable waste form 
than commonly used borosilicate glass [14,15] for immobilization of radioactive cesium, 
one of the most dangerous isotopes in high-level wastes (HLWs). Several serious 
disadvantages of vitrification could be avoided by employment of the crystalline 
hollandite-type waste form. Firstly, chemical durability of hollandite against the action of 
water is much better than that of borosilicate glass, because certain alkali fission species 
(e.g., Cs) are tightly captured in the channels via strong chemical bonding with neighboring 
ions [11,13]. Secondly, significant amounts of volatized cesium during vitrification can be 
preserved when the hollandite waste form is processed. Therefore, additional costly 
operation for Cs recycling will not be required anymore. 
Based on the discovery by Ringwood et al. [10–13], enormous studies have been 
conducted on hollandite-structured materials aiming at waste storage in following decades 
regarding their processing [16–26], crystal structures [16,21,27–45], thermal properties 
[46,47], aqueous durability [18,44,45,48–50], radiation tolerance [17,48,51–60], and 
thermodynamic stability [25,42–45,50,61]. 
1.2.2 Energy materials 
Besides waste forms, hollandite-type materials have also been widely studied as 
energy materials since the 1970s. Lots of interest was attracted due to the unique tunneled 
structure and compositional flexibility of hollandite-type materials [62]. Several 
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investigations on conductivity measurements were performed on the Kx(M,Ti)8O16 (M = 
Mg, Zn, Ni, Al, Fe) hollandite system, indicating that this type of material could be 
classified into the group of high ionic conductors [63–65]. Recently, Ba-hollandite [66], 
K-hollandite [67,68], and Ag-hollandite [67,69,70] were developed as anode and cathode 
materials in a variety of battery systems. In addition, some hollandite-structured materials 
have been investigated for their catalytic performance [71–75] and magnetic properties 
[76,77]. 
1.2.3 Crystal structure of hollandite 
Hollandite has the general formula of AxB8O16, where 0 ≤ x ≤ 2. A-sites are 
occupied by either monovalent or divalent ions, such as Na+, K+, Rb+, Cs+, and Ba2+ 
[16,35,47,65,78]. Various cations can be substituted on B-sites, including Mg2+, Zn2+, Co2+, 
Ni2+, Al3+, Ga3+, Fe3+, Cr3+, Sc3+, Mn3+,Ti3+, Ti4+, and Mn4+ [18,21,33,39,43,65,79]. The 
idealized hollandite structure is shown in Figure 1.1 [44]. Eight interconnected corner and 
edge sharing (BO6) octahedra form a three-dimensional rigid framework in which a 2 × 2 
tunnel is created to accommodate A-site cations. Either a tetragonal (I/4m) or a monoclinic 
(I/2m) structure can be exhibited for a hollandite material, depending on the relative ionic 
radii of the cations in the octahedra (B-sites) and the cations in the tunnels (A-sites) [27,35]. 
If the A-site cations is too large for the tunnels to support, the tetragonal symmetry will be 
reduced to the monoclinic symmetry. Although several models were proposed to predict 
the symmetry, none of these could be successfully applied to all hollandite forming systems 




Figure 1.1 The crystal structure of a tetragonal hollandite-type material [44]. The figure 
was drawn by using CrystalMaker software. 
 
1.2.4 High-temperature oxide melt solution calorimetry 
Thermodynamic data for various materials are vital both for predicting phase 
equilibria and understanding fundamental solid-state chemistry [80]. These data can be 
accurately measured by calorimetry. One application of the calorimetry technique is to 
measure the enthalpic change occurring in a chemical reaction [81]. Solution calorimetry, 
one kind of the reaction calorimetry, can provide the enthalpy of reaction by dissolving the 
samples into a proper solvent [82,83]. Nevertheless, enthalpies of solution of some 
refractory ceramic materials (e.g., MgO, ZrO2, Al2O3, etc.) cannot be readily measured at 
room temperature due poor dissolution. which can be further used to calculate the enthalpy 
of formation from the oxides via appropriate thermochemical cycles. 
In the 1970s, Navrotsky [81] developed a high-temperature Calvet-type twin 
microcalorimeter modified from the versions utilized by Calvet and Kleppa [84,85]. This 
calorimeter has two sample chambers and each of the chamber is surrounded by a Pt-PtRh 
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thermopile. The thermopiles are connected in series opposition and embedded in an 
isothermal metallic block [81]. This kind of design improves the quality of baseline as well 
as increases productivity. When a reaction begins, a small direct current (DC) signal is 
induced and sent from the thermopiles to an amplifier. Once received by a recorder and 
electronic integrator, the electronic signal will be translated into a graphical thermal peak, 
which can be used to obtain the reaction enthalpy by integrating the peak area [81].  
A stable baseline has to be acquired before an experiment. Every time, a reaction is 
initiated in one chamber while the other chamber acts as a control. When a reaction occurs, 
a heat flow transferring from the chamber to the constant temperature block will be 
captured by the surrounded thermopiles. The resultant thermal returns exponentially to the 
baseline when the reaction closes to a finish. Moreover, the total heat effect of the reaction 
is proportional to the area under the thermal peak, so the heat effect can be subsequently 
calculated [81]. A small heat effect (e.g., ~2 J) could be measured with a standard deviation 
of 2 to 5%, while the precision of larger effects (e.g., ~20 J-~8.0 kJ) could be lowered to 
~1% [81].  
Comparing to conventional HF solution cerimetry, this high-temperature oxide 
melt solution calorimetry has the following advantages: (1) the molten oxide solvents (e.g., 
sodium molybdate and lead borate) at high-temperature facilitate the dissolution of 
refractory compounds significantly, (2) a much smaller amount of material (e.g., a few 
hundred milligrams) is required, and (3) the enthalpy of formation of the refractory 
ceramics from the oxides can be acquired directly from the measured heat of solution. 
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In the following twenty years, many incremental improvements have been 
developed continuously from the fields of thermopile construction, the design of insulation 
and furnace, digital nanovoltmeters, and temperature controllers [86]. These advances 
lower considerably both the detection limit of the measured heat effects to ~0.5 J and 
reduce the required sample quantity (i.e., 10-15 mg versus 30-50 mg) [81,86]. 
Drop solution calorimetry has been used more widely since the late 1990s. In this 
technique, the dissolution reaction is initiated by dropping the sample at room temperature 
into the molten solvent in the calorimeter. The measured heat effect, so called enthalpy of 
drop solution, consists two parts: one is coming from the heat content of the sample, and 
the other is due to the enthalpy of solution at the operating temperature (typically at 700 
°C or 800 °C). Thus, the enthalpy of formation of the dissolved oxide compounds can be 
calculated via conceiving some thermochemical cycles. The advent of high-temperature 
oxide melt solution calorimetry enhances the efficiency of the measurements extremely, as 
the change of the sample holder assembly is not necessary anymore and samples can be 
dropped consecutively into each chamber one by one. 
Sophisticated pressing dies have been further designed to solve the potential issues 
brought by the encapsulating materials (e.g., gold and platinum capsules) previously used 
[86–88]. Coupled with the use of high purity alpha-alumina pellets as the new calibrants, 
this allows users to study much smaller samples (e.g., a few milligrams) and obtain 
spontaneously more reliable results [86]. Another important upgrade of high temperature 
oxide solution calorimetric procedures is the introduction of gas bubbling into the molten 
solvent at the calorimetric temperature [82,83,86,88–90]. A variety of gases with stable 
 7 
rates can flow into the calorimetry solvent through a very thin platinum tipped alumina 
tube. Gas bubbling can control oxygen fugacity as well as stir the melt to quicken 
dissolution of the dropped samples [82,83].  
To date, the procedure of high temperature oxide melt solution calorimetry has been 
standardized as shown in Figure 1.2. A constant operating temperate of the Calvet-type 
calorimeters is kept at 700 °C or 800 °C. Post-annealed high purity α-alumina pellets are 
routinely used to obtain calibration factors. A drop solution measurement is usually 
conducted by dropping a loosely pressed small sample pellet (e.g., ~1-5 mg) at room 
temperature into a ~10-20 g molten oxide solvent in a platinum crucible in the calorimeter. 
Sodium molybdate (3Na2O-4MoO3) and lead borate (2PbO-B2O3) are the two commonly 
used oxide solvents, while the sodium molybdate is normally better to measure oxides such 
as TiO2 and rare earth oxides. Depending on preferred atmosphere for the reaction, 
different type of gases with controlled rates flush over the molten solvent and are bubbled 
into the solvent to prevent local saturation as well as enhance dissolution of the sample 
pellet. In general, statistically reliable data sets with a very low standard error (e.g., ≤ 1.0%) 
[86] can be acquired after at least six drops. Detailed instrument and experimental 
procedure can be found by Navrotsky [83,86].  
The Navrotsky’s calorimeter [83,86] has now been commercialized as the AlexSYS 
by Setaram Inc., so high-temperature oxide melt solution calorimetry becomes accessible 
to more scientific researchers all over the world enabling them to solve thermodynamic-




Figure 1.2 Schematic of high-temperature oxide calorimetry which is adapt from Fig. 1 
by Navrotsky [83]. 
 
1.2.5 Leaching 
Environmental degradation is a natural phenomenon suffered by all kinds of 
materials [91]. Particular care has to be taken for nuclear waste forms used for 
immobilization of radionuclides in HLWs. Borosilicate glass as the most popular waste 
form will devitrify very fast if it is placed in real geological environment or under extreme 
conditions, such as high temperatures and pressures [11,13]. The degradation will increase 
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significantly the effective surface area of borosilicate glass and subsequently impair its 
chemical durability against aqueous corrosion [91]. As a result, the risk of those most 
dangerous fission species (e.g., radioactive Cs, Sr, and actinides) leaching into the 
biosphere is raised drastically. Although crystalline ceramic waste forms (e.g., SYNROC 
consists of hollandite, perovskite, and zirconolite) has been proved to have superior leach 
resistance [92], the leaching rate of certain alkali and alkaline earth elements still cannot 
be ignored. 
Two common testing methods have been applied to measure leaching rates based 
on monolithic and powder samples, respectively. Prior leaching studies on SYNROC 
suggested that leaching results obtained via the two methods agreed generally [92]. A 
powder-based test, American Society for Testing Materials (ASTM) International C1285-
14 product consistency test (PCT) Method B [93], will be used to determine the leaching 
rates of various elements in the rest of this dissertation. 90 °C selected as the testing 
temperature is reasonable as previous studies indicated that the leaching rate of hollandite 
was not affected a lot between 45 °C and 300 °C [94]. In addition, it is notable that the test 
period of seven days is generally long enough to provide accurate data [95].  
In spite of different durability and degradation mechanisms of glass and crystalline 
waste forms, thin surface layers usually form, so called alteration layer, to protect waste 
forms themselves from corroding by surrounding solutions [48,91,96,97]. For crystalline 
hollandite-structured waste forms, tunnel cations are prone to leach in aqueous solutions 
via various potential reactions, including ion exchange, hydration, hydrolysis, and redox 
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reaction [91]. The leaching rates of those tunnel cations (e.g., Cs and Ba) can be 
incongruent or congruent depending on the pH values of the tested solutions [49].  
Although the formed alternation layers have huge impact on durability of nuclear 
waste forms, comprehensive understanding of the mechanism for elemental leaching has 
not been declared yet. The synergistic effect of thermodynamic stability, crystal structure 
and chemical compositions, can doubtless influence the leaching resistance as well. 
1.2.6 Radiation and thermal recovery 
Radiation resistance is one of the most critical criteria to evaluate a material if it is 
suitable to be chosen as a nuclear waste form. Multiple radiation could be suffered by waste 
forms, for instance alpha-, beta-, and gamma-decay. Several prior studies, however, have 
shown that the hollandite-type material is highly stable under electron [55] and gamma 
irradiation [98]. Thus, the influence of alpha irradiation is focused in this dissertation. 
Xenon (Xe) and Krypton (Kr) ions with MeV-level kinetic energy are typically 
selected to bombard waste forms targets simulating alpha-decay effects. In a heavy ion 
irradiation experiment, one can predict and analyze the response of waste forms in an 
extreme radiation environment as the ion beam with very high doses could be created in a 
short time period by a laboratory-based particle accelerator [58,99–102]. In general, the 
irradiated crystalline waste forms would be amorphized in such a harsh environment. For 
a highly radiation-resistant hollandite-type material, amorphization will be inhomogeneous 
and the affected depth cannot beyond a micron from the sample surface as the incident ion 
energies are relatively low [58,99]. However, several large ion accelerator facilities built 
recently can create swift heavy ion beams with very high energies in the GeV range 
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extremely increasing the ion penetration depth even to ~100 µm [103]. Bulk 
characterization becomes available as amorphization extends into a much larger volume. 
More importantly, the effects of both keV-MeV and GeV ions on the structure are similar 
[104].  
High-temperature oxide melt solution calorimetry have been utilized to evaluate 
radiation stability in pyrochlore materials [105,106] by comparing the difference of 
measured drop solution enthalpies for the samples between different energy landscapes 
(i.e., pristine versus irradiated). In addition to determining the radiation stability of a waste 
form, it is also equally important to understand its defect dynamics and defect recovery 
pathways from the irradiated state. Differential scanning calorimetry (DSC) is a versatile 
technique to analyze the potential heat effects related to defect recovery during the process 
of thermal treatment. Chung et al. [105] found that the recovery processes in Dy2Ti2O7 
pyrochlore was very complicated and were coupled over different length-scales. 
1.2.7 Electrochemistry 
In a hollandite-type material, A-site cations as the mobile species can transport 
along the tunnels. Since the late 1970s, this unique one-dimensional tunneled characteristic 
has attracted lots of concentration to investigate studies of conduction mechanisms and 
conductivity measurements [63,64]. Different models for K1.54Mg0.77Ti7.23O16 hollandite 
have been proposed by Beyeler et al. [107,108] and Bernasconi et al. [109] to explain the 
mechanism of conduction for tunnel cations. Ionic conductivity of different hollandite 
materials has been measured [63–65,110]. In the K-hollandite systems [64], the results of 
the polycrystalline hollandite samples indicated that the conductivities of potassium ion 
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were the order of magnitude of 10-4 S∙cm-1 at 300 °C. The electrical conductivities of 
several single-crystal hollandite samples have been reported [111,112].  
Recently, it has been discovered that the conduction mechanism of a hollandite-
structured material can be altered completely by the selection of different measured 
temperatures and substitutions on B-sites [43,113,114]. Cs-, K- and Ba-hollandite might 
exhibit apparent electronic conductivity at elevated temperatures (e.g., above 500 °C) 
[43,113]. However, much stronger electronic conductivity could be observed when Ti3+ 
[114] and Mn3+/4+ [115,116] ions are substituted on the (BO6) octahedra framework. 
Nowadays, electrochemical impedance spectroscopy (EIS) and four-probe direct 
current (DC) methods have been widely applied to measure the electrical property of 
various materials [43,113,114,117–119]. In an EIS measurement, a small AC signal 
sweeping different frequency is applied to a sample pellet with blocking electrodes and 
subsequently a complex impedance spectrum will be obtained to analyze conductivity. In 
a four-probe DC measurement, a sample bar with four leads is given a DC voltage and the 
obtained volage and current can be used to calculate conductivity. Nevertheless, it is 
challenging to obtain accurate conductivities of hollandite-type materials due to their 
anisotropic conduction of tunnel ions, potential oxygen ion conductivity and the difficulty 
of separating the electrical contributions from bulk, grain boundary and electrodes 
[64,111]. 
1.3 Scientific objectives 
The overview of this dissertation is to establish some correlations among various 
properties and performance of hollandite waste forms including physiochemical properties, 
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crystallography, thermodynamics, and structural/functional-based properties. With a 
comprehensive understanding of basic science underlying this 1-D tunnel structured 
material, the huge knowledge gap between the opposite applications (i.e., nuclear waste 
forms versus solid-state conductors) could be filled to some extent and may further shed a 
new light on the design of novel battery systems. The overall schematic of this dissertation 
is shown in Figure 1.3. 
The specific objective are as follows: 
 Establish correlations among composition, structure, thermodynamic stability, and 
durability for various (Ba,Cs)-hollandite waste forms 
 Investigate the mechanisms of radiation damage and thermal annealing in Cs-
hollandite waste forms 
 Study the conduction of different mobile species in various hollandite systems 
ranging from Na- and K-hollandite targeting for ion conductors to Cs-hollandite aiming at 
waste storage 
 Expand the abovementioned correlations by introducing another functional-based 











2.1 Sample synthesis 
Different series of hollandite samples with the formula of (A1,A2)x(B1,B2)8O16 
were fabricated. Most of the samples were synthesized via solid-state reactions, while 
select samples made by a solution route method were described in the corresponding 
chapters. High purity powders of oxides and carbonates were mixed with 95% ethanol and 
ball-milled at least 24 h. The slurries were dried in an oven overnight at 80 °C. As-dried 
powders were ground by hands and further cold pressed into pellets. Heat treatment 
processes, including calcination and sintering, were performed in box furnaces. The 
detailed conditions of calcination and sintering processes are different and can be found in 
the corresponding chapters. 
2.2 Characterization 
2.2.1 Analysis of phase formation 
Powder X-ray diffraction (XRD) measurements were conducted to analysis the 
crystal structures of as-synthesized samples. Both Rigaku Miniflex600 and Ultima IV 
diffractometers with monochromatic Cu Kα radiation (λ = 1.54 Å) were used to collect the 
diffraction spectra. 
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2.2.2 Microstructure and elemental analysis 
Microstructures of samples were observed using both Hitachi S4800 and SU6600 
scanning electron microscopy (SEM). Two imaging modes of secondary electron (SE) and 
back-scattered electron (BSE) were selected for different research focuses. 
Energy dispersive X-ray spectroscopy (EDS) coupled with a Hitachi SU6600 SEM 
and AZtec software (Oxford Instruments) was utilized to determine elemental 
compositions of various samples. Analyzed EDS compositions were reported by averaging 
the compositions of at least eight representative sites over the surface or cross-section of 
the measured samples. Inductively coupled plasma-mass spectroscopy (ICP-MS) and 
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) were performed on 
selected hollandite compositions in order to obtain elemental concentrations. ICP-MS was 
used to acquire the concentration of Cs, while ICP-AES was utilized to determine the 
concentrations of Ba, Ga, Fe, Al, and Ti. 
2.3 Analytical techniques 
2.3.1 Calorimetric analysis 
High-temperature oxide melt solution calorimetry was performed using both a 
custom-built Calvet-type twin calorimeter or an AlexSYS 1000 calorimeter (Setaram Inc.) 
operating at 702 °C. In a drop-solution calorimetry experiment, the well ground sample 
powders with the mass of ~1-10 mg were weighed and loosely pressed into a small pellet 
and dropped from room temperature into the molten sodium molybdate (3Na2O·4MoO3) 
solvent in a platinum crucible in the calorimeter. The calorimeter assembly was flushed 
dry gas and identical gas was bubbled through the molten solvent in order to stir the melt, 
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disperse the sample, and subsequently facilitate the dissolution of the sample pellet. At 
least six successful drops need to be conducted for each composition to obtain statistically 
reliable data, unless the quantity of the measured sample is too small to support multiple 
drops. For example, only two or three drops were performed for the high-energy irradiated 
hollandite samples Chapter 6. In addition, the heat content of α-alumina with at least 
99.995% purity was used to determine the calibration factor of the calorimeter. More 
instrument information and detailed experimental procedures have been well described and 
established by Navrotskty [83,86].  
Differential scanning calorimetry (DSC) analysis was performed on both Netzsch 
404 C Pegasus and Netzsch STA 449 F3 Jupiter instrument to study the potential heat 
effects induced by sold-solid phase transformation and defect recovery. An alumina 
crucible was used as the container, while dry Ar gas was chosen to provide an inert 
atmosphere and exclude the heat effect of water content as well. The DSC program was set 
as follows: (1) the sample was heated to 500 °C without dwelling and then cooled down to 
100 °C; (2) the sample temperature was held at 100 °C for 10 min; (3) the temperature of 
the sample was elevated to 500 °C again and cooled down to room temperature. The DSC 
baseline was calibrated and corrected. Experimental details were given in the 
corresponding chapters. 
2.3.2 Aqueous leaching tests 
Accelerated leaching tests following the guidelines of ASTM C1285-14 the product 
consistency test (PCT) Method-B [93] were performed to assess the aqueous chemical 
durability of hollandite-type waste forms. Typically, the measured samples were crushed 
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into powders. As-obtained powders were sieved and washed by deionized (DI) water and 
ethanol to obtain the samples whose particle sizes fell into a certain range, such as 
−100/+200 mesh and −200/+270 mesh. The post-wash samples with a constant 1:10 ratio 
of sample mass to water volume were placed in the stainless-steel (SS) vessels. The SS 
vessels were closed, sealed, and placed in an oven at 90 ± 2 °C for seven days. A reference 
material and two blank tests were run in parallel with the measured waste forms. Once 
cooled, post-leaching solutions were filtered, acidified, and analyzed. Values of pH and 
elemental concentrations of the leachate were recorded. For each sample composition, 
three replicates were simultaneously tested to guarantee the reliability of the leaching data. 
The fractional release of element i in the waste form materials (FRi) was calculated 
using Equation 2.1:  
                                                              𝐹𝐹𝐹𝐹𝑖𝑖 =
𝐶𝐶𝑖𝑖𝑉𝑉
𝑚𝑚𝑠𝑠𝑓𝑓𝑖𝑖
                                                                       (2.1) 
where FRi = the fractional release of element i (unitless), Ci = the concentration of element 
i in the leachate (g/L), V = the leachate volume (L), ms = the sample mass (g), and fi = the 
fraction of element i in the pre-leached waste form materials (unitless). 
The normalized release of element i in the sample (NLi) was reported for select 
samples if their surface areas were measured or estimated. The value of NLi was determined 
using Equation 2.2: 
                                                              𝑁𝑁𝑁𝑁𝑖𝑖 =
𝐶𝐶𝑖𝑖×𝑉𝑉
𝑓𝑓𝑖𝑖×𝑆𝑆𝑆𝑆
                                                                     (2.2) 
where NLi = the normalized release of element i (g/m2), Ci = the concentration of element 
i in the leachate (g/L), fi = the fraction of element i in the pre-leached sample (unitless), SA 
= the surface area of the sample (m2), and V = the leachate volume (mL). Specific surface 
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area of the leached sample was acquired either based on the result of Brunauer-Emmett-
Teller (BET) analysis or estimation of sieved particle sizes. 
It is worth noting that the fractional release without geometric normalization is still 
convincing because the effect of the sample-surface-area-to-solution-volume (SA/V) ratio 
on the Cs release is insignificant [49,120]. In addition, the Cs release is apparently 
independent of the pH value when the pH is larger than 1 [49].  
2.3.3 High-energy heavy ion irradiation 
Pristine samples were irradiated by 1.1 GeV gold (Au) ions at room temperature to 
a fluence of 5 × 1012 ions/cm2 using the X0 branch of the UNILAC accelerator of the GSI 
Helmholtz Center for Heavy Ion Research in Darmstadt, Germany [60]. Before irradiation, 
the hollandite sample powders were pressed into alumina holders with custom-built 
chambers (diameter: 1 cm; depth: 50 μm). Approximately 30 μm thickness of each sample 
to be irradiated was chosen to ensure that the incident Au ions completely penetrated the 
samples as well as ensure that the energy deposition was relatively uniform. For example, 
only ~10% electronic energy loss is reduced at 30 μm penetration depth compared to the 
sample surface, whereas more than 20% and 50% decrease of electronic energy loss is 
predicted at 40 and 50 μm penetration depth, respectively. The sample chambers were then 
wrapped in aluminum foils with 7 μm thickness and exposed to the high energy Au ion 
beam. The ion energy upon entering the sample was decreased slightly to 930 MeV due to 
the wrapped aluminum foils. A profile of the energy loss versus penetration depth for the 
Cs1.33Ga1.33Ti6.67O16 hollandite as a representative was calculated by using the SRIM-2013 
code [121,122] and a factor of 1.66 was selected to correct the actual density due to the 
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geometry of cold, uniaxial compression of powders [60,123]. Five sample holders with ~ 
10 mg loading per composition were irradiated. Additional details related to this 
experimental scheme can be found elsewhere [103–105,124]. 
 
 
Figure 2.1 The profile of energy loss versus penetration depth for a Cs1.33Ga1.33Ti6.67O16 
hollandite sample under 930 MeV Au ion irradiation. 
 
2.3.4 Electrical property measurements 
For measurements of electrical property, opposite surfaces of the sintered sample 
pellet were polished by fine sandpapers (e.g., 200 and 600 grit) to remove the surface layer 
and improve the quality of the surface. Gold paste (Fuelcellmaterials) was then applied to 
the polished samples and cured in an oven for several hours. As-dried pellets were mounted 
on the testing assembly and heated gradually to 800 °C and hold at this temperature for 1 
h to decompose the organic components in the Au electrodes. Afterwards, the measured 
sample was cooled down to the desired measuring temperature range. The impedance 
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spectra were collected by using a Solartron 1287 analyzer sweeping over the frequency 
range from 0.1 Hz to 106 Hz, with a small alternating current (AC) voltage stimulus (i.e., 
10 or 100 mV). Galvanostatic measures were also conducted on selected samples to study 
the transport behaviors of tunnels cations. A constant ~10 mA direct current (DC) was 








Hollandite-type materials were selected as nuclear waste forms due to their 
enhanced capacity to immobilize Cs elements compared with the most commonly used 
borosilicate glasses (ca. 5 wt.% Cs2O loading versus ca. 0.1 wt.% Cs2O loading) [125–
127]. However, studies on hollandite waste forms with higher Cs loading have not been 
investigated until recently [41–45,50,60,97,128–131]. Different Cs contents may have 
significant impacts on various properties and performance, such as structure, chemical 
durability, radiation stability, and electrical property. In Chapter 2, the effect of Cs content 
on the crystal structure of hollandite materials will be the specific focused.  
3.2 Experimental procedure 
3.2.1 Sample synthesis 
(a) Ga-, Fe-, and Cr-substituted hollandite 
The series of Ga-, Fe-, and Cr-substituted hollandite compositions 
BaxCsyM2x+yTi8−2x-yO16 (M = Ga, Fe, and Cr; 0 ≤ x ≤ 1.33; x + y = 1.33) were synthesized 
via the solid-state reaction routes. For simplicity, they are denoted as HMy throughout this 
dissertation. “H”, “M”, and the value of “y” correspondingly stand for “Hollandite”, “M 
substitutions” and “Cs content”. For example, the formula of HG0.67 and HF0.2 are 
Ba0.67Cs0.67Ga2Ti6O16 and Ba1.13Cs0.2Fe2.46Ti5.54O16, respectively.  
Reagent-grade powders of carbonates (e.g., BaCO3 and Cs2CO3) and oxides (e.g., 
Ga2O3, Fe2O3, Cr2O3, and TiO2) were used as starting materials. Stoichiometric amounts 
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of raw materials were placed in the high-density polyethylene (HDPE) bottles. Ethanol 
with 95% purity and yttrium stabilized zirconia (YSZ) grinding balls (Diameter: 5 mm and 
10 mm) were added into the bottles to mix the powders. Ball-milling was performed for at 
least 24 h to obtain a homogenous slurry. The slurry was dried overnight in an oven at 80 
°C. The as-dried powders were ground by hands for approximately 10 min using an agate 
mortar and pestle. Afterwards, the ground powders were cold pressed into pellets. Heat 
treatment processes, including calcination and sintering, were performed in a box furnace. 
Hollandite samples were prepared as follow: (1) sample pellets were heated up to a 
temperature above 900 °C (e.g., usually between 900 °C and 1200 °C) for at least 2 h to 
decompose the carbonates in the homogenously mixed materials; (2) as-calcined pellets 
were crushed, ground, and wet ball-milled for additional 24-36 h; (3) as-obtained slurry 
was dried overnight at 80 °C; (3) as-dried powders were ground, cold-pressed into pellets, 
and sintered for at least 5 h at higher temperatures (e.g., usually between 1200 °C and 1300 
°C) compared with calcination temperatures. Alumina crucibles were covered with 
alumina lids and the pressed pellets were immersed in additional calcined powders to 
minimize potential contamination from the furnace chamber as well as reduce the 
volatilization of Cs and Ba at elevated temperatures. More experimental details can be 
found in prior studies [44,45].  
(b) Al-substituted hollandite 
Reagent carbonates and oxides were added stoichiometrically into the 100 mL 
polyethylene (PE) jars. Less than 80 mL of deionized (DI) water and zirconia grinding 
media were added into the jars. The mixing process was completed by using a Turbula® 
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mixer for 20 min. The slurry was dried overnight in an oven at the operation temperature 
lower than 90 °C. As-dried powders were placed in a covered Pt 10%Rh crucible were 
heated to 1000 °C for 1 h, 1200 °C for 6 h, and 1200 °C for 24 h. The as-calcined powders 
were ground using a ring-pulverizer (Angstrom) between each heating treatment process. 
3.2.2 Characterization 
Powder XRD measurements were performed using a Rigaku Ultima IV 
diffractometer with monochromatic Cu Kα radiation (λ = 1.54 Å) to analyze phase 
formation of the synthesized samples. Microstructure of the measured samples were 
investigated by a Hitachi SU6600 SEM. BSE imaging mode was usually selected for better 
observation of morphology and phase distribution of the samples. 
EDS coupled with the SU6600 SEM and AZtec software (Oxford Instruments) 
were utilized to measure the actual elemental compositions. The EDS compositions were 
determined by averaging the compositions of multiple different representative sites over 
the cross-section or surface of the samples. ICP-MS and ICP-AES as the supplementary 
techniques were conducted at Savannah River National Laboratory (SRNL) for select 
samples to obtain the elemental concentration in the measured samples. ICP-MS was used 
to acquire the concentration of Cs, while ICP-AES was used to measure the concentrations 
of Ba, Ga, Fe, Al, and Ti. 
High temperature (HT)-XRD was conducted at Alfred University [45] in order to 
study the evolution of bulk structure of Fe-substituted hollandite as a function of 
temperature. A Bruker D8 Advance diffractometer with monochromatic Cu Kα radiation 
and an Anton Paar HTK 1200 heating stage were used. Powdered samples were mounted 
 25 
on an alumina plate with the purity of 99.6%. HT-XRD data were collected from the 2θ 
range of 10°-80° with a 0.025° step size by using a fixed divergence slit. Separate steps 
were set during the whole measurement: (1) the mounted powders were first heated from 
room temperature (RT) to 450 °C with an increment of 25 °C; (2) and then the powdered 
samples were heated to 1000 °C with an increment of 50 °C; (3) without isothermal 
holding, the samples were cooled to 400 °C with an increment of 100 °C; (4) afterwards, 
the samples were further cooled to 250 °C with an increment of 50 °C; (5) finally, the 
samples were cooled to RT with an increment of 25 °C. The evolution of local structure at 
different temperatures was also recorded by HT Raman spectroscopy at Alfred University 
[45] using a WITec instrument with 633 nm laser and 5 mw output power. A 20-sec 
integration time and 20 accumulations were selected. HF0 and HF0.1 were correspondingly 
heated up from RT to 350  and 150 °C in order to induce potential monoclinic-to-tetragonal 
(M-T) phase transformation. A Linkam scientific instruments with LINK 1.2.5.1300 
software were used to keep the accuracy of the operating temperature within ± 1 °C. 
3.3 Results and discussion 
3.3.1 Ga-substituted hollandite 
As shown in Figure 3.1, the XRD patterns of the three samples indicate that 
tetragonal hollandite phases (space group: I4/m) have been formed for all three samples. In 
addition, a weak peak present at ~29° 2θ for HG1.33 suggests that a small quantity of a 
secondary phase might coexists with the major hollandite phase. According the PDF 
database, however, this Bragg peak cannot be matched to any phases likely present in the 
Cs-Ga-Ti-O system. One possibility is that this peak might be ascribed to a supercell 
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structure included by the ordering of tunnel ions and vacancy. Analysis of the electron 
diffraction patterns of the Cs end member might help resolve this issue [132]. 
 
 
Figure 3.1 The XRD patterns of the three Ga-substituted hollandite samples with various 
Cs contents. 
 
Elemental analysis of the synthesized hollandite samples was conducted, and the 
measured compositions are given in Table 3.1. The compositions determined by the ICP 
methods indicated that the actual compositions were close to the target stoichiometries. 
Moreover, EDS as another more easily accessed technique was also chosen to provide the 
elemental information. The actual EDS compositions were reported by averaging the 
compositions of at least eight different representative sites over the cross-section of the 
measured sample. The representative SEM image is shown in Figure 3.2, and totally 13 
sites were selected in Figure 3.2 (a). Selected X-ray energy dispersive maps on Site 1, 3 
and 7 of HG1.33 are displayed in Figure 3.2 (b-d). In general, as-measured EDS 
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compositions were close to the results determined by the relatively more accurate ICP 
methods, which confirmed the validity of using EDS results alone in future work. Figure 
3.3 exhibits the microstructure of the surface of the three hollandite sample pellets (i.e., 
HG0, HG0.67, and HG1.33) and indicates that either distinct phase segregation or 
secondary phases are not observed. In general, these results confirm that the actual 
compositions of all three samples are close to the targeted formula. In addition, a larger 
rod-like structure exists in the higher Cs-containing hollandite samples agreeing to the 
previous studies [43]. 
 
Table 3.1 Target and analyzed compositions of the Ga-substituted hollandite samples based 
on the results of ICP and EDS methods*. 
Target composition Sample ICP composition  EDS composition 
Ba1.33Ga2.66Ti5.37O16 HG0 Ba1.31Ga2.69Ti5.33O16  Ba1.27Ga2.71Ti5.33O16 
Ba0.67Cs0.67Ga2Ti6O16 HG0.67 Ba0.67Cs0.53Ga2.04Ti6O16  Ba0.62Cs0.62Ga2.05Ti6O16 
Cs1.33Ga1.33Ti6.67O16 HG1.33 Cs1.16Ga1.39Ti6.67O16  Cs1.31Ga1.34Ti6.67O16 
* The compositions of Ba, Cs and Ga were normalized to targeted Ti content, while the 




Figure 3.2 (a) shows the select 13 different sites over the representative SEM of the 







Figure 3.3 The microstructure of the surface of (a) HG0, (b) HG0.67, and (c) 
HG1.33 [44]. 
 
3.3.2 Fe-substituted hollandite 
The room temperature-XRD (RT-XRD) spectra of synthesized Fe-substituted 
hollandite samples are displayed in Figure 3.4. The results suggest that a single hollandite 
phase with high crystallinity has been formed for each composition. A hollandite sample 
normally exhibits monoclinic structure (space group: I2/m) when Cs content is low, 
whereas a tetragonal structure (space group: I4/m) would be adopted for a relatively high 
Cs-containing composition. As shown in Figure 3.4, the four Bragg peaks present in the 
samples HF0.1 and HF0.2 in the 2θ range of ~27-28° merge gradually into the strongest 
peak maximum as Cs content increases. The change of the diffraction pattern indicates the 
occurrence of a monoclinic-to-tetragonal (M-T) phase transformation. Thus, the samples 
HF0 and HF0.1 were confirmed to have monoclinic structure, while the samples HF0.2-
HF1.33 possessed the tetragonal structure. Moreover, the peak maximum(s) between ~27-
28° 2θ shifts to smaller 2θ angle with increased Cs substitution revealing the expansion of 




Figure 3.4 The RT-XRD patterns of the samples HF0-HF1.33 with various Cs contents 
[45]. 
 
It is attractive to find a way to effectively predict the crystal structure (symmetry) 
of hollandite-type materials because the monoclinic one is usually less stable than its 
tetragonal counterpart [42,61,99]. Two models have been established by Post et al. [27] 
and Zhang & Burnham [35] since the 1980s. Post et al. claimed that the structure of the 
hollandite is monoclinic if the ratio of the average ionic radius of the B-site cations to that 
of the A-site cations (RB/RA) is larger than 0.48, however the monoclinic structure will 
transform to the tetragonal structure when RB/RA < 0.48 [27]. Zhang & Burnham predicted 
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that the hollandite structure exhibits tetragonal symmetry if 𝐹𝐹𝑆𝑆 > √2(𝐹𝐹𝑂𝑂 + 𝐹𝐹𝐵𝐵) − 𝐹𝐹𝑂𝑂 , 
whereas it would adopt monoclinic symmetry if 𝐹𝐹𝑆𝑆 < √2(𝐹𝐹𝑂𝑂 + 𝐹𝐹𝐵𝐵) − 𝐹𝐹𝑂𝑂 − 0.15. The 
structure will be either monoclinic or tetragonal if 𝐹𝐹𝑆𝑆  is between the two criteria. In 
general, however, Zhang & Burnham’s model is more applicable to predict the tetragonal 
symmetry comparing to the model proposed by Post et al. [27,35]. Figure 3.5 was drawn 
to clearly demonstrate the boundary of the M-T phase transformation for the Fe-substituted 
hollandite system. The values of RA and RB were calculated based on Shannon effective 
ionic radii [133]. For example, A-site cations Cs+ = 1.74 Å and Ba2+ = 1.42 Å in eightfold 
coordination, while B-site cations Ti4+ = 0.605 Å and Fe3+ = 0.645 Å (high spin) in sixfold 
coordination. The values of RA, RB, and RB/RA are given in Table 3.2. In Figure 3.5 [45], 
the samples HF0.2-HF1.33 with the tetragonal structure fall into the tetragonal region as 
expected, but the samples HF0 and HF0.1 adopting the monoclinic structure appear in the 
undetermined region instead of the monoclinic region. The M-T phase transformation 
observed in this work agrees well to the Ba1.2-xCsxFe2.4-xTi5.6+xO16 (0 ≤ x ≤ 0.6) hollandite 
systems studied by Bailey et al. [129]. In addition, Grote et al. [42] also reported that the 
tetragonal hollandite samples in the Zn-substituted hollandite system Ba1.33-xCsxZn1.33-
x/2Ti6.67+x/2O16 (0 ≤ x ≤ 1.33) were present in the Zhang & Burnham’s tetragonal zone. 
Therefore, Zhang & Burnham’s tetragonal criterion can be used to effectively design 





Figure 3.5 Based on the model proposed by Zhang & Burnham [35], the region 
above the red dash line and below the black dot dash line is for tetragonal and monoclinic 
zone, respectively. The region demarcated by the two colored lines is called 
undetermined zone. The blue straight line is the criterion of Post et al. [27]. The data 
from this dissertation are labeled as closed circles and the data referred from Bailey et al. 
[129] are represented as open squares. T and M are the abbreviations for the tetragonal 





Table 3.2 Crystal structure, space group, average ionic radius of cations on A-sites (RA) 




Space group RA (Å) RB (Å) RB/RA 
HF0 Monoclinic I2/m 1.420 0.618 0.435 
HF0.1 Monoclinic I2/m 1.437 0.618 0.430 
HF0.2 Tetragonal I4/m 1.460 0.617 0.423 
HF0.67 Tetragonal I4/m 1.568 0.615 0.392 
HF1.33 Tetragonal I4/m 1.740 0.612 0.352 
* Table 3.2 is referred from the previous study by Zhao et al.  [45]. 
 
In Figure 3.6, the HT-XRD patterns with partial 2θ range of select samples HF0-
HF0.67 display the evolution of the Bragg peaks as a function of temperatures. Four peaks 
within the range of 24-30° 2θ belonging to the samples HF0 and HF0.1 merge into one 
peak with increased temperature, suggesting that a M-T phase transformation occurred for 
both samples. Moreover, the merged peak split into four peaks again when the temperature 
cooled down to RT, so the M-T phase transformation is structurally reversible. For the 
samples HF0.2 and HF0.67, no distinguishable changes have been observed which 
indicates that their tetragonal structure are remained as the temperature is increased. The 





Figure 3.6 The HT-XRD patterns with partial 2θ range of the samples (a) HF0, (b) HF0.1, 
(c) HF0.2 and (d) HF0.67 indicates the structural evolution as a function of temperatures 
at the long-range ordering period. Note: The HT-XRD experiments were conducted at 




Figure 3.7 The HT-XRD patterns with full 2θ range of the samples (a) HF0, (b) 
HF0.1, (c) HF0.2 and (d) HF0.67 during heating and cooling steps. Note: The HT-XRD 
experiments were conducted at Alfred University [45].  
 
Figure 3.8 displays the HT-Raman spectra of HF0 and HF0.1. As shown in Figure 
3.8 (a), five major peaks are observed for HF0 at RT. They are at ~83, ~130, ~367, ~556 
and ~700 cm-1, while a weak shoulder peak also appears at ~600 cm-1. The peak at ~83 cm-
1 should be resulted from the vibration of the A-site tunnel cations (i.e., Ba2+) [119]. The 
peak at ~130 cm-1 might be attributed to the (Fe,Ti)-O symmetric stretching of (Fe,Ti)O6 
octahedra. Another three peaks at ~367, ~556 and ~700 cm-1 along with the shoulder peak 
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at ~600 cm-1 might be induced by the bending mode of (Fe,Ti)O6 octahedra [119,134–139]. 
Besides the structural evolution occurring over the long-range ordering period, some local 
structural changes are clearly observed as increased temperatures as well. For instance, the 
intensity of the peak at ~83 cm-1 increases slightly and the peak shifts gradually to higher 
wavenumber when the temperature is increased from RT to higher temperatures, which 
might indicate stronger vibration of tunnel cations Ba2+ [119]. Moreover, the bending mode 
of (Fe,Ti)O6 octahedra is affected by elevating temperatures: (i) the peak at ~367 cm-1 at 
RT shifts to lower wavenumber, and (ii) the peak at ~556 cm-1 along with the shoulder 
peak at ~600 cm-1 at RT merge gradually into one broad peak. In addition, decreased 
intensity of the peak at ~700 cm-1 at higher temperature supports the occurrence of the M-
T phase transformation for the sample HF0 [139]. Similar changes of the Raman spectra 
of the sample HF0.1 at different temperatures are also observed in Figure 3.8 (b). 






Figure 3.8 The HT-Raman data of (a) HF0 and (b) HF0.1 within their own 
temperature range where the M-T phase transformation occurred. Note: The HT-Raman 
experiments were conducted at Alfred University [45].  
 
Elemental compositions of the samples HF0-HF1.33 are given in Table 3.3. The 
methodology to obtain the analyzed EDS compositions has been described in previous 
Section 3.3.1 of Ga-substituted hollandite. The results in Table 3.3 show that the actual 
compositions in the samples are close to the targeted stoichiometries. Moreover, Figure 3.9 
displays various X-ray elemental maps for the sample HF0.67 suggesting that the 
distribution of each element is homogeneous over the sample surface. In addition, no 






Table 3.3 Target and analyzed EDS compositions of the Fe-substituted hollandite samples*. 
Sample Target composition EDS composition 
HF0 Ba1.33Fe2.67Ti5.33O16 Ba1.35Fe2.65Ti5.33O16 
HF0.1 Ba1.23Cs0.1Fe2.56Ti5.44O16 Ba1.23Cs0.07Fe2.57Ti5.44O16 
HF0.2 Ba1.13Cs0.2Fe2.46Ti5.54O16 Ba1.12Cs0.16Fe2.48Ti5.54O16 
HF0.67 Ba0.667Cs0.667Fe2Ti6O16 Ba0.69Cs0.59Fe2.01Ti6O16 
HF1.33 Cs1.33Fe1.33Ti6.67O16 Cs1.27Fe1.35Ti6.67O16 
* The compositions were normalized to targeted Ti content, while the oxygen content was 
accordingly corrected to achieve charge neutrality [45]. 
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Figure 3.9 The X-ray maps show the distribution of (a) Cs, (b) Ba, (c) Fe, and (d) Ti over 




Figure 3.10 BSE images of the samples of (a) HF0, (b) HF0.1, (c) HF0.2, (d) HF0.67, and 
(e) HF1.33 [45]. 
 
The obtained EDS compositions are also useful to evaluate Cs retention for 
hollandite waste forms because Cs volatilization is one of the most critical issues at 
elevated temperatures. Therefore, Cs retention of the sintered pellets HF0.1-HF1.33 were 
calculated based on the analyzed results in Table 3.3. As-calculated Cs retention is reported 
in Figure 3.11. It is worth noting that the Cs retention of the sample HF0 is not included in 
Figure 3.11 because no Cs-containing chemicals were used during synthesis. As shown in 
Figure 3.11, a slight increase of Cs substitution from HF0.1 to HF0.2 would significantly 
improve Cs retention by increasing ~12%. Meanwhile, the Cs retention has been 
continuously increased in the samples with higher Cs content (i.e., HF0.67 and HF1.33), 
although the increasing rate is slowed down to ~7-8%. These results indicate that large Cs 
cations prefer to be incorporated into the tunnels of hollandite structure instead of 
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volatilization. This trend agrees generally with previous investigation on the Zn-substituted 
hollandite waste forms [42].  
 
 
Figure 3.11 (a) The Cs retention of the sintered sample pellets HF0.1-HF0.67 as 
determined by EDS measurements (Experimental errors are estimated by two standard 
deviations of the average of actual Cs concentrations.) [45]; (b) the increasing rate of Cs 
retention of the sintered sample pellets HF0.1-HF0.67. 
 
3.3.3 Al-substituted hollandite 
Figure 3.12 shows the XRD spectra of the synthesized Al-substituted hollandite 
samples HA0-HA1.0. All of the samples with various Cs contents exhibit tetragonal 
hollandite structure (space group: I4/m) and a small number of secondary phases (e.g., 
Al2O3 corundum and TiO2 rutile) are present in some samples. The actual compositions of 
the hollandite phase and the amount of the secondary phases were analyzed and given in 
Table 3.4. It is notable that the peak at ~18° 2θ in the sample HA0.16 is much broader 
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compared to other samples. It is because HA0.16 was synthesized via combustion synthesis 
method, while other compositions were synthesized via solid-state reactions [50]. The 
particle size of the samples made by combustion synthesis is usually finer than those 
obtained from solid-state reactions, which is supported by the broader full width at half 
maximum (FWHM) of XPD peaks in HA0.16 (Figure 3.12). Figure 3.13 displays the BSE 
images of select samples which were not ball-milled or ground, showing that the 
microstructure of all the samples are chunks with various sizes. This structural feature was 
previously reported in the Fe-substituted hollandite waste forms [45]. 
 
 
Figure 3.12 The XRD patterns of the Al-substituted hollandite samples HA0-HA1.0 
containing different Cs contents [50]. 
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Table 3.4 Target and analyzed compositions of the Al-substituted hollandite samples*. 
Sample name Target composition Analyzed composition 
HA0 Ba1.33Al2.66Ti5.34O16 Ba1.53Al2.54Ti5.34O16 
HA0.16 Ba1.167Cs0.163Al2.50Ti5.50O16 Ba1.25Cs0.16Al2.44Ti5.50O16 
HA0.33 Ba1Cs0.33Al2.33Ti5.67O16 Ba1.02Cs0.32Al2.32Ti5.67O16 
HA0.67 Ba0.667Cs0.667Al2Ti6O16 Ba0.67Cs0.72Al1.98Ti6O16 
HA1.0 Ba0.33Cs1Al1.67Ti6.33O16 Ba0.34Cs1.07Al1.64Ti6.63O16 
* The compositions were normalized to targeted Ti content, while the oxygen content was 
accordingly corrected to achieve charge neutrality [50]. 
 
 
Figure 3.13 The BSE images of the Al-substituted hollandite samples (a) HA0, (b) 
HA0.33, (c) HA1.0 [50]. 
 
3.3.4 Cr-substituted hollandite 
The XRD spectra of the synthesized Cr-substituted hollandite samples are shown 
in Figure 3.14 indicating that the hollandite phase has been formed for each composition. 
The Ba end member HC0 exhibits monoclinic structure (space group: I2/m), while the Cs-
containing samples possess tetragonal structure (space group: I4/m). The inset in Figure 
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3.14 shows that the four peaks of HC0 in the 2θ range of ~ 27-29° merged into one peak 
when a slight number of Cs was substituted for Ba. This structural change was induced by 
a M-T phase transformation. In addition, the peak shifts to smaller 2θ angle as increased 
Cs content suggesting the expansion of the unit cell supporting by the prior studies [41–
44,129,130]. The EDS compositions of the samples are given in Table 3.5 and their 
microstructures are shown in Figure 3.15. Apparent rod-structure is observed for the 
samples HC0, HC0.33, and HC0.67, which were crushed from sintered pellets. To obtain 
pure hollandite phase, however, the Cs end-member HC1.33 had to be fired at a lower 
temperature (i.e., 1200 °C) without pressing into a pellet. It is likely that the absence of the 






Figure 3.14 The XRD patterns of the Cr-substituted hollandite samples HC0-HC1.33 
containing various Cs contents. 
 
Table 3.5 Target and analyzed compositions of the Cr-substituted hollandite samples*. 
Sample name Target composition Analyzed composition 
HC0 Ba1.33Cr2.66Ti5.34O16 Ba1.29Cr2.69Ti5.34O16 
HC0.2 Ba1.13Cs0.2Cr2.46Ti5.54O16 Ba1.15Cs0.19Cr2.45Ti5.54O16 
HC0.33 Ba1Cs0.33Cr2.33Ti5.67O16 Ba1.04Cs0.24Cr2.34Ti5.67O16 
HC0.67 Ba0.67Cs0.67Cr2Ti6O16 Ba0.73Cs0.51Cr2.01Ti6O16 
HC1.33 Cs1.33Cr1.33Ti6.67O16 Cs1.35Cr1.32Ti6.67O16 




Figure 3.15 The BSE images of the Cr-substituted hollandite samples (a) HC0, (b) 
HC0.33, (c) HC0.67, and (d) HC1.33. 
 
3.4 Summary 
 As Cs content is increased, the unit cell of Ga-, Fe-, Al- and Cr-substituted 
hollandite is expanded. 
 As Cs content is increased, Ga- and Al-substituted hollandite samples remain 
tetragonal structure, while a monoclinic-to-tetragonal phase transition is induced 
for Fe- and Cr-substituted hollandite samples. 
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 For the monoclinic hollandite at room temperature (e.g., certain Fe-substituted 










Thermodynamic stability is vital for the hollandite-type materials as waste forms. 
In general, thermodynamic stability can be evaluated from the Gibbs free energy (∆G) 
which is defined as ∆G = ∆H - T∆S where ∆H, T, and ∆S are changes of enthalpy, 
temperature, and changes of entropy, respectively. In a solid-state reaction, the overall ∆G 
term will be majorly determined by the enthalpic change (∆H) when it is strongly negative 
(or exothermic) because the change of vibrational entropy (∆Svib.) is typically small [61].  
Moreover, the ∆Svib. term would be further counteracted somewhat by the positive 
configuration entropic contribution (∆Sconf.) resulted from the positional disordering on B-
sites [44]. In fact, only solid phases are involved in all chemical reactions to form hollandite 
phases through this dissertation as all processing temperatures are not higher than 1250 °C 
which is lower than the reported lowest melting points (i.e., ~1300 °C) of hollandite 
materials [21,120]. Therefore, the free energy (energetic stability) could be represented by 
the enthalpy term (thermodynamic stability). 
In Chapter 4, the enthalpies of formation, a indictor for thermodynamic stability, 
for the three hollandite series (i.e., Ga, Fe, and Al as the substitutions on B-sites) with 
different Cs contents were measured by utilizing high-temperature oxide melt solution 
calorimetry, which were used as the indicator to evaluate the thermodynamic stability. 
Furthermore, the factors affecting the formation enthalpies were discussed. In addition, the 
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relative phase stability between the hollandite structure and potential competing phase 
assemblages was also analyzed from the perspective of the enthalpies of reaction.  
4.2 Experimental procedure 
High-temperature oxide melt solution calorimetry was performed using both a 
custom-built Calvet-type twin calorimeter or an AlexSYS 1000 calorimeter (Setaram Inc.) 
operating at 702 °C. Experimental details have been described in Chapter 2. 
4.3 Results and discussion 
4.3.1 Ga-substituted hollandite 
The enthalpies of drop solution (ΔHds) for the three hollandite samples (i.e., HG0, 
HG0.67, and HG1.33) measured in the molten sodium molybdate (3Na2O·4MoO3) solvent 
at 702 °C are given in Table 4.1. To determine the enthalpies of formation at 25 °C from 
the corresponding constituent oxides (ΔHf,ox) and from the elements (ΔHf,el) for the Ga-
substituted hollandite, the values of ΔHds and ΔHf,el for BaO, Cs2O, Ga2O3 and TiO2 are 
required. Fortunately, these values have been previously measured and can be found in 
Table 4.2 [88,140–144]. Therefore, reasonable thermochemical cycles could be conceived 
to calculate the values of ΔHf,ox and ΔHf,el for the hollandite samples by importing the 
reported data in Table 4.1. Table 4.3 containing the thermochemical cycles for the sample 
HG0.67 is severed as an example to demonstrate how to calculate the values of ΔHf,ox and 
ΔHf,el. As shown in Table 4.1 and Figure 4.1, the values of ΔHf,ox for the three hollandite 
samples are all exothermic, suggesting that they are thermodynamically stable with respect 
to their constituent oxides at 25 °C. Furthermore, the values of ΔHf,ox become increasingly 
exothermic as increased Cs content. It is worth noting that significantly negative enthalpy 
 50 
is the dominating term in the Gibbs free energy in the synthesis of a solid-state reaction, 
because the overall contribution from the changes of the entropic terms (including both 
configurational and vibrational entropic changes) is very small at temperatures below 700 
°C [61]. Therefore, it is convincing that higher Cs-containing hollandite compound is more 
energetically stable, which agrees well with the previous density functional theory (DFT) 
calculations by Wen et al. [128]. The driving force leading the increased energetic stability 
with increased Cs content origins from two main sources. The first source is the strongly 
basic character of Cs2O, which makes ternary compound formation with relatively acidic 
oxides very exothermic. The second one is the enhanced capacity for disorder in the 
(Ga,Ti)O6 octahedral framework observed for the sample HG1.33 with the highest Cs 
content, which has been discussed in our previous studies [44]. 
 
Table 4.1 Enthalpies of drop solution (ΔHds) in sodium molybdate solvent at 702 °C and 
enthalpies of formation from constituent oxides (ΔHf,ox) and from the elements (ΔHf,el) for 
the Ga-substituted hollandite samples at 25 °C. Uncertainty is two standard deviation of 
the mean and the value in parentheses is the number of experiments*. 
Sample EDS composition ΔHds (kJ/mol) ΔHf,ox (kJ/mol) ΔHf,el (kJ/mol) 
HG0 Ba1.27Ga2.71Ti5.33O16 398.50 ± 5.90 (8) −132.90 ± 7.55 −7338.59 ± 9.07 
HG0.67 Ba0.62Cs0.62Ga2.05Ti6O16 435.34 ± 3.06 (8) −159.49 ± 4.12 −7385.45 ± 6.47 
HG1.33 Cs1.31Ga1.34Ti6.67O16 470.66 ± 3.35 (8) −206.55 ± 3.77 −7457.54 ± 6.58 
* Table 4.1 is referred from the previous study by Zhao et al. [44]. 
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Table 4.2 The values of ΔHds in sodium molybdate solvent at 702 °C and enthalpies of 
formation from the elements (ΔHf,el) at 25 °C of the constituent binary oxides of the Ga-
substituted hollandite samples. The values in brackets are the reference numbers*. 
Oxide ΔHds (kJ/mol) ΔHf,el (kJ/mol) 
BaO −184.61 ± 3.21 [140] −548.1 ± 2.1 [143] 
Cs2O −348.9 ± 1.7 [141] −346.0 ± 1.2 [143] 
Ga2O3 130.16 ± 1.66 [142] −1089.1 [144] 
TiO2 60.81 ± 0.11 [88] −944.0 ± 0.8 [143] 
* Table 4.2 is referred from the previous study by Zhao et al. [44]. 
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Table 4.3 Thermochemical cycles used for calculating the values of ΔHf,ox and ΔHf,el for 
the sample HG0.67 with correction based on the EDS compositions in Table 4.1*. 
Enthalpy of formation of HG0.67 from the oxides at 25 °C (ΔHf,ox) 
Ba0.62Cs0.62Ga2.05Ti6O16 (s,25°C) → 0.62 BaO (sln,702°C) + 0.31 Cs2O (sln,702°C) + 1.025 
Ga2O3 (sln,702°C) + 6 TiO2 (sln,702°C) 
ΔHds 
0.62 BaO (s,25°C) → 0.62 BaO (sln,702°C) ΔH1 
0.31 Cs2O (s,25°C) → 0.31 Cs2O (sln,702°C) ΔH2 
1.025 Ga2O3 (s,25°C) → 1.025 Ga2O3 (sln,702°C) ΔH3 
6 TiO2 (s,25°C) → 6 TiO2 (sln,702°C) ΔH4 
0.62 BaO (s,25°C) + 0.31 Cs2O (s,25°C) + 1.025 Ga2O3 (s,25°C) + 6 TiO2 (s,25°C) → 
Ba0.62Cs0.62Ga2.05Ti6O16 (s,25°C) 
ΔHf,ox = ∑ΔHi (i = 1 - 4) − ΔHds 
ΔHf,ox 
Enthalpy of formation of HG0.67 from the elements at 25 oC (ΔHf,el) 
0.62 BaO (s,25°C) + 0.31 Cs2O (s,25°C) + 1.025 Ga2O3 (s,25°C) + 6 TiO2 (s,25°C) → 
Ba0.62Cs0.62Ga2.05Ti6O16 (s,25°C) 
ΔHf,ox 
0.62 Ba (s,25°C) + 0.31 O2 (g,25°C) → 0.62 BaO (s,702°C) ΔH5 
0.62 Cs (s,25°C) + 0.155 O2 (g,25°C) → 0.31 Cs2O (s,702°C) ΔH6 
2.05 Ga (s,25°C) + 1.5375 O2 (g,25°C) → 1.025 Ga2O3 (s,702°C) ΔH7 
6 Ti (s,25°C) + 6 O2 (g,25°C) → 6 TiO2 (s,702°C) ΔH8 
0.62 Ba (s,25°C) + 0.62 Cs (s,25°C) + 2.05 Ga (s,25°C) + 6 Ti (s,25°C) + 8 O2 (g,25°C) → 
Ba0.62Cs0.62Ga2.05Ti6O16 (s,25°C) 
ΔHf,el = ΔHf,ox + ∑ΔHi (i = 5 - 8) 
ΔHf,el 




Figure 4.1 The trends of ΔHf,ox determined by calorimetric experiments and DFT 
calculations as a function of Cs contents for the samples HG0-HG1.33 [44,128]. 
 
The three Ga-substituted hollandite samples are all very energetically stable 
compared with their binary constituent oxides. When evaluating their suitability as nuclear 
waste forms, however, one must also consider their stability with respect to other 
competing phase assemblages, such as ternary oxides [25,61]. A conceivable phase 
assemblage may contain the perovskite structured BaTiO3 and other constituent oxides. 
Thus, the relative stability between the hollandite phase and those potential phase 
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assemblage can be evaluated from the viewpoint of thermodynamics by using the following 
chemical reactions (actual EDS compositions are used): [25,44,61] 
Ba1.27Ga2.71Ti5.33O16 = 1.27 BaTiO3 + 1.355 Ga2O3 + 4.06 TiO2                                   (4.1) 
Ba0.62Cs0.62Ga2.05Ti6O16 = 0.62 BaTiO3 + 0.31 Cs2O + 1.025 Ga2O3 + 5.38 TiO2        (4.2) 
Other phases including Cs-Ga-O, Cs-Ti-O, Ba-Ga-O and Ga-Ti-O systems are also 
potential phase competitors, but they have not been reported in SYNROC systems. In 
addition, ΔHf,ox data are not available for many of these phases as well. Therefore, they 
will not be further considered in the following analysis [25].  
The enthalpies of reaction (ΔHrxn) at standard conditions are calculated as follows 
[25,44,61]:  
ΔHrxn_HG0 = 1.27 ΔHf,ox (BaTiO3) − ΔHf,ox_ HG0 = −60.52 ± 9.10 kJ/mol                                         (4.3) 
ΔHrxn_HG0.67 = 0.62 ΔHf,ox (BaTiO3) − ΔHf,ox_HG0.67 = 65.06 ± 4.81 kJ/mol                                    (4.4) 
where the values of ΔHf,ox for the samples HG0 and HG0.67 can be found in Table 4.1, 
while ΔHf,ox (BaTiO3) = −152.3 ± 4.0 kJ/mol has been previously reported [145]. It is worth 
noting that the value of ΔHrxn for the HG1.33 is not calculated as this sample cannot 
decompose to the perovskite structured BaTiO3 because it does not contain Ba content. 
According to the obtained values of ΔHrxn for the three hollandite samples, it can 
be concluded that the sample HG0.67 is energetically stable at room temperature with 
respect to BaTiO3, Cs2O, Ga2O3, and TiO2, as its ΔHrxn is endothermic. In contrast, the Ba 
end-member HG0 is not stable with respect to BaTiO3, Ga2O3, and TiO2 due to its 
exothermic ΔHrxn. These thermodynamic assessments provide further evidence that 
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increased Cs content stabilizes hollandite structure from the perspective of phase formation 
of the targeted phase itself, as well as from possible decomposition to other phases. 
4.3.2 Fe-substituted hollandite 
The values of ΔHds for the samples HF0-HF1.33 measured in the molten sodium 
molybdate (3Na2O·4MoO3) solvent at 702 °C are given in Table 4.4. The values of ΔHds 
and ΔHf,el for the constituent oxides of the Fe-substituted hollandite samples are given in 
Table 4.5 [88,140,141,143,146]. Therefore, the values of ΔHf,ox and ΔHf,el of all hollandite 
samples can be calculated and further reported in Table 4.4 by using the methodology 
described in the previous section of Ga-substituted hollandite. As shown in Figure 4.2 (a), 
the values of ΔHf,ox for HF0-HF1.33 are all strongly exothermic, while the values of ΔHf,ox 
become more exothermic with increased Cs content. These results suggest that all Fe-
substituted hollandite samples are more thermodynamically stable than their constituent 
oxides and the hollandite with higher Cs content is even more stable comparing to the lower 
Cs-containing counterparts. Furthermore, the high Cs-containing compound is also more 
energetically stable because the strongly exothermic enthalpic change dominates the 






Table 4.4 The values of ΔHds in sodium molybdate solvent at 702 °C and the values of 
ΔHf,ox and ΔHf,el of the Fe-substituted hollandite samples at 25 °C. Uncertainty is two 
standard deviations of the mean and the value in parentheses is the number of experiments*. 
Sample EDS composition ΔHds (kJ/mol) ΔHf,ox (kJ/mol) ΔHf,el (kJ/mol) ΔHrxn (kJ/mol) 
HF0 Ba1.35Fe2.65Ti5.33O16 398.60 ± 3.87 (8) −196.67 ± 5.88 −7067.03 ± 7.99 −8.93 ± 8.89 
HF0.1 Ba1.23Cs0.07Fe2.57Ti5.44O16 403.09 ± 5.20 (8) −188.68 ± 6.62 −7071.98 ± 8.49 1.35 ± 9.07 
HF0.2 Ba1.12Cs0.16Fe2.48Ti5.54O16 416.00 ± 8.33 (6) −195.21 ± 9.14 −7091.01 ± 10.55 24.63 ± 10.99 
HF0.67 Ba0.69Cs0.59Fe2.01Ti6O16 442.05 ± 9.26 (6) −211.39 ± 9.57 −7185.98 ± 10.89 106.30 ± 7.72 
HF1.33 Cs1.27Fe1.35Ti6.67O16 482.43 ± 7.91 (6) −234.03 ± 8.03 −7304.79 ± 9.71 N/A* 
* ΔHrxn of the HF1.33 was non-available (N/A) due to the lack of Ba cations on A-sites 
[45]. 
 
Table 4.5 The values of ΔHds in sodium molybdate solvent at 702 °C and ΔHf,el at 25 °C of 
the constituent binary oxides of the Fe-substituted hollandite samples. The values in 
brackets are the reference numbers*. 
Oxide ΔHds (kJ/mol) ΔHf,el (kJ/mol) 
BaO −184.61 ± 3.21 [140] −548.1 ± 2.1 [143] 
Cs2O −348.9 ± 1.7 [141] −346.0 ± 1.2 [143] 
α-Fe2O3 95.63 ± 0.50 [146] −826.2 ± 1.3 [143] 
TiO2 60.81 ± 0.11 [88] −944.0 ± 0.8 [143] 
* Table 4.5 is referred from the previous study by Zhao et al. [45]. 
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Figure 4.2 (a) The trends of ΔHf,ox determined by calorimetric measurements as a function 
of Cs contents for the samples HF0-HF1.33; (b) the comparison of formation enthalpies of 
select sintered and calcined samples [45]. 
 
High-temperature oxide melt solution calorimetry was also performed for the 
calcined powdered samples HF0 (C), HF0.67 (C), and HF1.33 (C) in order to investigate 
whether the enthalpy of formation (ΔHf,ox) of hollandite was affected by different 
processing (i.e., sintering versus calcination). Actual elemental compositions of the three 
calcined samples were also measured by EDS and given in Table 4.6. The values of ΔHf,ox 
for these calcined samples were calculated by using the same approach used for the sintered 
samples and given in Table 4.7. Figure 4.2 (b) displays a consistent trend for both sintered 
and calcined samples. Moreover, the difference of ΔHf,ox between the calcined and sintered 
samples is very small and within the experimental uncertainty. Consequently, for 
hollandite-type nuclear waste forms, the enthalpy of formation as a thermodynamic 
property might not be impacted by conventional sintering under current conditions. 
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Table 4.6 Target and analyzed EDS compositions of three calcined powdered samples of 
the Fe-substituted hollandite*. 
Sample Target composition EDS composition 
HF0 (C) Ba1.33Fe2.67Ti5.33O16 Ba1.39Fe2.63Ti5.33O16 
HF0.67 (C) Ba0.667Cs0.667Fe2Ti6O16 Ba0.68Cs0.62Fe2.01Ti6O16 
HF1.33 (C) Cs1.33Fe1.33Ti6.67O16 Cs1.35Fe1.33Ti6.67O16 
* The compositions were normalized to targeted Ti content, while the oxygen content was 
accordingly corrected to achieve charge neutrality [45]. 
 
Table 4.7 Enthalpies of drop solution (ΔHds) in 3Na2O·4MoO3 solvent at 702 °C and 
enthalpies of formation from constituent oxides (ΔHf, ox) and from the elements (ΔHf,el) of 
three calcined powder samples of the Fe-substituted hollandite at 25 °C. Uncertainty is two 
standard deviations of the mean and the value in parentheses is the number of experiments*. 
Sample ΔHds (kJ/mol) ΔHf,ox (kJ/mol) ΔHf,el (kJ/mol) 
HF0 (C) 386.87 ± 5.80 (9) −193.38 ± 7.37 −7075.78 ± 9.16 
HF0.67 (C) 431.58 ± 4.73 (8) −204.84 ± 5.30 −7178.07 ± 7.42 
H1.33 (C) 462.25 ± 6.74 (9) −229.49 ± 6.89 −7305.00 ± 8.79 
* Table 4.7 is referred from the previous study by Zhao et al. [45]. 
 
Enthalpies of formation could be affected by a variety of factors which will be 
discussed as follows: 
(a) Symmetry 
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It is attractive to study the effect of symmetry on formation enthalpy. Depending 
on the Cs content, the samples HF0 and HF0.1 have monoclinic symmetry while the 
samples HF0.2-HF1.33 are tetragonal. The changes of enthalpy induced by the M-T phase 
transformation were investigated in our previous studies [45]. The results of DSC showed 
that no thermal peak was captured either because it was immersed into the baseline of heat 
flow or because it was too small to be detected by the instrument. In fact, this is not 
unexpected. For many oxide compounds (e.g., perovskite-type BaTiO3 and ZrO2), the 
enthalpic change resulting from slightly symmetric transformation is small enough to be 
neglected considering the larger formation enthalpy [145,147]. Therefore, the effect of 
symmetry on formation enthalpy of the Fe-substituted hollandite system is minor. 
(b) The ratio of RB/RA 
Several studies have indicated that the enthalpic stability is increased with 
decreased ratio of RB/RA [41,61]. This trend has been generally confirmed in Table 4.8 and 
Figure 4.3 (a) for the Fe-substituted hollandite series, although the value of ΔHf,ox for HF0 
is slightly more exothermic than expected. Similar behavior was also observed in the Zn-
substituted hollandite system in which a M-T phase transformation would occur as 
increased Cs substitution [42]. The mild enthalpic anomaly might arise from variations of 
local environments over the atomistic-scale, such as different (Fe,Ti)-O bond lengths and 




Table 4.8 The average ionic radius of cations on A-sites (RA) and B-sites (RB), the ratio of 
RB/RA, tH, and ΛH of the samples HF0-HF1.33*. 
Sample RA (Å) RB (Å) RB/RA tH ΛH 
HF0 1.420 0.618 0.435 0.984 0.788 
HF0.1 1.437 0.618 0.430 0.992 0.789 
HF0.2 1.460 0.617 0.423 1.003 0.789 
HF0.67 1.568 0.615 0.392 1.055 0.790 
HF1.33 1.740 0.612 0.352 1.136 0.792 
* Table 4.8 is referred from the previous study by Zhao et al. [45]. 
 
(c) Tolerance factor 
Tolerance factor could impact on the enthalpy of formation for hollandite structure 
[41,61]. Therefore, the tolerance factor of a hollandite compound (tH) can be calculated by 
using Equation 4.5 [149]:  










                                                (4.5) 
where RA and RB are the average ionic radii of A-site and B-site cations respectively, and 
RO is the oxygen ion radius [21,149]. The values of RA and RB and can be found in Table 
4.8. The calculated tH values of the samples HF0-HF1.33 are given in Table 4.8 as well. In 
Figure 4.3 (b), the value of ΔHf,ox becomes increasingly exothermic as increased tH, 
indicating that thermodynamic stability is improved with higher tH value as long as it falls 
into the range of 0.93 ≤ tH ≤ 1.16 [149]. 
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(d) Optical basicity 
Enthalpy of formation may be related to optical basicity [61,150,151]. If the 
stoichiometry of mixed oxides is known, theoretical optical basicity of these oxides or of 
any oxygen-containing solid could be calculated by using the optical basicity of cations 
(Λth) in their appropriate coordination and valence [152]. For example, the equation of 
optical basicity (ΛH) of Fe-substituted hollandite series Ba1.33-xCsxFe2.66-xTi5.33+xO16 can be 
expressed in Equation 4.6 [61,150,151]: 
                          𝛬𝛬H =
2∙(1.33−𝑥𝑥)𝛬𝛬Ba+𝑥𝑥𝛬𝛬Cs+3∙(2.66−x)𝛬𝛬Fe+4∙(5.33+𝑥𝑥)𝛬𝛬Ti
32
                              (4.6) 
The values of Λth values have been reported by Leboutiller and Courtine [151]: Ba2+ = 1.25 
and Cs+ = 1.70 in eightfold coordination, while Fe3+ = 0.77 and Ti4+ = 0.75 in sixfold 
coordination. The calculated values of ΛH for the samples HF0-HF1.33 are listed in Table 
4.8. As a result, the values of ΛH for the HF0-HF1.33 are mostly unchanged across the 
entire compositional range. It is likely that the expected stronger basic character from 
higher Cs content is mitigated by the relatively strong optical basicity of Fe3+, which is 
slightly larger than that of Ti4+ [151]. Therefore, the effect of optical basicity on the 




Figure 4.3 Variations of ΔHf,ox and (a) RB/RA, (b) tH as a function of Cs contents for the 
samples HF0-HF1.33. 
 
The phase stability between the hollandite waste forms and other competing phase 
assemblages is also required to be considered. According to our previous studies [45], a 
variety of ternary oxides may form along with the formation of hollandite phases. Among 
these oxides, perovskite-structured BaTiO3 is likely to form at high temperatures (e.g., 
1200 °C) and might co-exist with the formed hollandite phase even at room temperature 
[25,42,44,61]. In fact, Cs-Fe-O, Cs-Ti-O, Ba-Fe-O and Ba-Ti-O (other than BaTiO3 
perovskite) systems are also potential competing phases but none of them have been 
reported at ambient conditions in non-melted processing in which zirconia grinding media 
was used. In addition, there are some controversies in terms of the Fe-Ti-O system. 
Although some studies argued that Fe2TiO5 was not stable under ambient condition 
[61,153], a study reported its appearance in the Fe-substituted hollandite-forming system 
[21]. Nevertheless, a slight number of Fe2TiO5 does not cause a serious problem for the 
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suitability of Fe-substituted hollandite as Cs cations do not partition into this phase. 
Therefore, it will not be considered in the following thermodynamic analysis.  
Enthalpies of reaction (ΔHrxn) for the hollandite samples HF0-HF0.67 are reported 
in Table 4.4. The methodology to calculate the values of ΔHrxn has been detailly described 
in the prior section of the Ga-substituted hollandite system [25,42,44,61]. As shown in 
Figure 4.4, the two tetragonal hollandite samples HF0.2 and HF0.67 are energetically 
stable at room temperature with respect to the perovskite-type BaTiO3, Cs2O, α-Fe2O3, and 
TiO2 because of their endothermic values of ΔHrxn. In contrast, the monoclinic Ba end-
member HF0 is prone to decompose to the perovskite-structured BaTiO3, α-Fe2O3, and 
TiO2 as its value of ΔHrxn is exothermic [61]. In addition, the phase stability of the 
monoclinic hollandite HF0.1 with low Cs content may be comparable to the phase 
assemblage containing the BaTiO3 (perovskite), Cs2O, α-Fe2O3, and TiO2, because its 
ΔHrxn value is very close to zero [61]. These phase analyses provide more convincing 
evidence to support the trend that higher Cs content stabilizes the hollandite phase 




Figure 4.4 The trend of values of ΔHrxn for the samples HF0-HF0.67 as a function 
of Cs contents. 
 
4.3.3 Al-substituted hollandite 
The values of ΔHds for the hollandite samples HA0-HA1.0 and α-Al2O3 (Inframat 
Advanced Materials, 99.995%) measured in the molten sodium molybdate 
(3Na2O·4MoO3) solvent at 702 °C are given in Table 4.9 and Table 4.10, respectively. The 
values of ΔHds and ΔHf,el for the constituent oxides of the Al-substituted hollandite samples 
are given in Table 4.10 [88,140,141,143]. Therefore, the values of ΔHf,ox and ΔHf,el of all 
samples can be calculated and listed in Table 4.9 via the same methodology used for the 
Ga- and Fe-substituted hollandite systems. Analyzed compositions of the major hollandite 
phases and the minor secondary phases in Table 4.11 were used to refine the values of 
ΔHf,ox. It is notable that as-synthesized samples were ground well by agate mortar and 
pestle to obtain fine and homogeneous sample powders and subsequently to acquire more 
reliable drop solution enthalpies. The well-ground powders were not further sieved, so they 
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were consisting of different-sized micron-scale particles. Based on the previous studies 
[154,155], however, the effect of surface area and particle size on the formation enthalpy 
is insignificant unless the particle size of the measured oxides is smaller than 100 nm. 
Therefore, the effect arising from different particle-sizes in the measured samples is 
negligible comparing to the relatively large experiment errors. 
 
Table 4.9 Enthalpies of drop solution (ΔHds) in 3Na2O·4MoO3 solvent at 702 °C and 
enthalpies of formation from constituent oxides (ΔHf,ox) and from the elements (ΔHf,el) of 
the Al-substituted hollandite samples at 25 °C. Uncertainty is two standard deviations of 
the mean and the value in parentheses is the number of experiments*. 
Sample ΔHds (kJ/mol) ΔHf,ox (kJ/mol) ΔHf,el (kJ/mol) ΔHrxn (kJ/mol) 
HA0 364.1 ± 3.6 (9) −199.1 ± 8.0 −8196.9 ± 9.8 −33.4 ± 12.9 
HA0.16 394.2 ± 8.2 (8) −200.6 ± 10.4 −8149.7 ± 11.7 10.2 ± 13.6 
HA0.33 420.0 ± 7.5 (8) −207.4 ± 9.5 −8117.1 ± 10.8 52.1 ± 10.5 
HA0.67 444.3 ± 13.7 (8) −233.2 ± 14.5 −8047.9 ± 15.4 131.1 ± 10.5 
HA1.0 452.6 ± 10.2 (9) −237.9 ± 10.8 −7958.9 ± 12.0 186.1 ± 5.4 






Table 4.10 Enthalpies of drop solution in 3Na2O·4MoO3 solvent at 702 °C (ΔHds) and 
enthalpies of formation from the elements (ΔHf,el) at 25 °C of the binary constituent oxides 
of the Al-substituted hollandite samples. Uncertainty is two standard deviations of the 
mean; the values in brackets are the reference numbers*. 
Oxide ΔHds (kJ/mol) ΔHf,el (kJ/mol) 
BaO −184.61 ± 3.21 [140] −548.1 ± 2.1 [143] 
Cs2O −348.9 ± 1.7 [141] −346.0 ± 1.2 [143] 
α-Al2O3 96.6 ± 4.1 (6)* −1675.7 ± 1.3 [143] 
TiO2 60.81 ± 0.11 [88] −944.0 ± 0.8 [143] 
* The value in the parenthesis of the ΔHds value for α-Al2O3 is the number of drops [50]. 
 
Table 4.11 Target and analyzed compositions of the Al-substituted hollandite samples*. 





HA0 Ba1.33Al2.66Ti5.34O16 Ba1.53Al2.54Ti5.34O16 - 5 
HA0.16 Ba1.167Cs0.163Al2.50Ti5.50O16 Ba1.25Cs0.16Al2.44Ti5.50O16 8 - 
HA0.33 Ba1Cs0.33Al2.33Ti5.67O16 Ba1.02Cs0.32Al2.32Ti5.67O16 6 - 
HA0.67 Ba0.667Cs0.667Al2Ti6O16 Ba0.67Cs0.72Al1.98Ti6O16 5 - 
HA1.0 Ba0.33Cs1Al1.67Ti6.33O16 Ba0.34Cs1.07Al1.64Ti6.63O16 7 - 
* The compositions were normalized to targeted Ti content, while the oxygen content was 
accordingly corrected to achieve charge neutrality. “-” represents that the corresponding 
phase was not detected in the samples [50]. 
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As shown in Figure 4.5, the values of ΔHf,ox for all samples are exothermic 
indicating that they are thermodynamically stable relative to their binary constituent 
oxides. These values of ΔHf,ox measured in this work are close to the ΔHf,ox values of Al-
substituted hollandite in the previous studies [25,61]. Moreover, the ΔHf,ox value becomes 
more exothermic (negative) and thus more enthalpically stable as the Cs content is 
increased, which agrees generally with the calculated results based on DFT and sublattice 
modeling [50,128]. In addition, the small entropic changes below 700 °C ensure that the 
Gibbs free energy is majorly controlled by the enthalpic term, so the high Cs-containing 
samples is also more energetically stable [47,61]. The improved energetic stability with 
higher Cs substitution could be explained as follows. Firstly, increased Cs content might 
decrease the distortion in the (Al/Ti,O)6 octahedral framework to retain the maximum 
symmetry of the hollandite structure [41,128]. Moreover, the amount of Al substitution on 
the B-sites is reduced with increased Cs substitution to maintain charge neutrality. The 
synergistic effect of increased Cs substitution and reduction of Al substitution enhances 
the capacity for disorder in the (Al/Ti,O)6 octahedral framework and subsequently 
stabilizes the hollandite structure [44]. In addition, the strongly basic character of Cs2O 




Figure 4.5 Experimentally [25,50,61] and computationally [50,128] derived values of 
ΔHf,ox for the Al-substituted hollandite samples as a function of Cs contents. 
 
Enthalpies of formation could be affected by a variety of factors which will be 
discussed as follows: 
(a) The ratio of RB/RA 
The average ionic radius for A-site (RA), B-site (RB) and RB/RA was calculated and 
listed in Table 3.12 by using the effective ionic radii reported by Shannon [133]: Ba2+ = 
1.42 Å and Cs+ = 1.74 Å in eightfold coordination, while Al3+ = 0.535 Å and Ti4+ = 0.605 
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Å in sixfold coordination. Figure 4.6 (a) displays that the enthalpy of formation ΔHf,ox 
increases as increased RB/RA agreeing well with previous studies. [41,45,61] 
 
Table 4.12 Average ionic radius of cations on A-site (RA) and B-site (RB), RB/RA, tH, and 
ΛH for the samples HA0-HA1.0*. 
Sample RA (Å) RB (Å) RB/RA tH ΛH 
HA0 1.420 0.582 0.41 1.008 0.754 
HA0.16 1.459 0.583 0.40 1.026 0.756 
HA0.33 1.499 0.585 0.39 1.044 0.758 
HA0.67 1.580 0.588 0.37 1.080 0.763 
HA1.0 1.661 0.590 0.36 1.115 0.771 
* Table 4.12 is referred from the previous study by Zhao et al. [50]. 
 
(b) Tolerance factor 
The tolerance factors of the samples HA0-HA1.0 are reported in Table 4.12 by 
using Equation 4.5 [149] in prior section of the Fe-substituted hollandite system. Generally, 
the formation enthalpies ΔHf,ox of Al-substituted hollandite increases with the increase of 
tH, which agrees with the results of Fe-substituted hollandite by Zhao et al. [45].  
(c) Optical basicity 
Thermodynamic stability such as enthalpy of formation can be affected by optical 
basicity as well [45,61,150,151]. The values of optical basicity for Al-substituted hollandite 
samples (ΛH) can be calculated by using Equation 4.6 given in the prior section. The values 
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of Λth for the cations have been reported by Leboutiller and Courtine [151]: Ba2+ = 1.25 
and Cs+ = 1.70 in eightfold coordination, while Al3+ = 0.60 and Ti4+ = 0.75 in sixfold 
coordination. The calculated values of ΛH values are given in Table 3.12 As expected in 
Figure 4.6 (c), the formation enthalpy ΔHf,ox is increased with increased ΛH. 
 
 
Figure 4.6 Variations of ΔHf,ox and (a) RB/RA, (b) tH, (c) ΛH for the Al-substituted 
hollandite samples as a function of Cs contents. 
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The significantly exothermic enthalpies of formation for the samples HA0-HA1.0 
indicate that they are very stable with respect to their binary constituent oxides. However, 
in waste form applications, the hollandite phase is typically designed as one component of 
a multiphase system. In order to assess the suitability of Al-substituted hollandite as a 
nuclear waste form, the phase stability must also be considered with respect to other 
potential phase assemblages such as ternary oxides [25,61]. For instance, a phase 
assemblage containing perovskite-type BaTiO3 might be formed in a hollandite-forming 
system. The relative stability between the hollandite and perovskite phases can be directly 
compared from the perspective of thermodynamics (e.g., enthalpy of reaction) by 
conceiving a chemical reaction [25,42,44,45,61]. The methodology to calculate the values 
of ΔHrxn has been described in the prior section of the Ga-, and Fe-substituted hollandite 
systems [44,45]. Thus, ΔHrxn values of HA0-HA1.0 were calculated and given in Table 
4.9. Al2TiO5 was not considered as a potential competing phase due to its poor stability at 
ambient conditions [25]. Moreover, the formation of Ba-Al-O, Cs-Ti-O, Cs-Al-O, and Cs-
Al-Ti-O systems are possible, but none of them have not been reported yet in Synroc 
systems at ambient atmosphere. In addition, the enthalpies of formation are not available 
for many of these phases [25]. Therefore, they were not considered. 
Figure 4.7 shows that the samples HA0.16-HA1.0 are energetically stable at room 
temperature with respect to the competing phase assemblage due to the endothermic ΔHrxn. 
However, the Ba end-member HA0 is prone to decompose because of the exothermic 
ΔHrxn. These assessments further support the trend that more Cs substitution stabilizes the 
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Figure 4.7 Variations of ΔHrxn for the Al-substituted hollandite samples as a 
function of Cs contents. 
 
4.4 Summary 
 As Cs content is increased, the enthalpy of formation for Ga-, Al-, and Fe-
substituted hollandite becomes more exothermic indicating that they are more 
thermodynamically stable with respect to their constituent oxides. 
 Various factors including symmetry, RB/RA, tolerance factor, and optical basicity, 
could impact enthalpy of formation. 
 As Cs content is increased, the hollandite structure prefers to remain its own crystal 









Chemical durability, or elemental release, is one of the most critical criteria to 
evaluate the performance of nuclear waste forms. Specifically, an ideal hollandite waste 
form will exhibit minimal elemental release (i.e., Cs and Ba) during aqueous leaching tests. 
Elemental release of a hollandite compound could be measured from crushed following the 
standard of ASTM C1285-14 product consistency test (PCT), which provides leaching data 
within a relatively short time period (i.e., seven days) [93,95]. The impact of various 
factors, including irradiation [98,99], pH values in the leachate [49,97], and geometric 
effects [49], has been widely investigated. To date, however, there are limited studies in 
terms of the link between chemical durability and thermodynamic stability [42,44,45,50]. 
In Chapter 5, the elemental release of tunnel cations in hollandite waste forms was 
determined, and more importantly the correlation between their leaching behavior and 
thermodynamic stability was established.  
5.2 Experimental procedure 
5.2.1 Sample synthesis 
(a) Non-radioactive hollandite 
The synthesis of the Ga-, Fe-, and Al-substituted hollandite samples have been 
detailly described in Chapter 3. 
(b) Radioactive 137Cs-substituted hollandite 
 74 
The synthesis of radioactive 137Cs-substituted hollandite was completed via a 
solution combustion synthesis at Savannah River National Laboratory (SRNL). More 
experimental details can be found by Zhao et al. [50].  
 
Caution! 137Cs is a high-risk for human health due to the high-energy gamma 
emission. Any 137Cs related experiments must be properly conducted at a licensed facility. 
 
5.2.2 Aqueous leaching tests 
Leaching tests following the standard of ASTM C1285-14 PCT (Method-B) were 
performed at SRNL to assess the aqueous chemical durability of hollandite-type materials 
[93]. Sintered hollandite sample pellets were crushed, sieved (i.e., sieve fraction: 
−100/+200 or −200/+270), washed with water and alcohol, and then dried. A 10 mL/g ratio 
of deionized (DI) water volume to sample mass (Vwater/msolid) is used for the leaching tests. 
For example, one-gram of powdered sample is tested in 10 mL of DI water contained in a 
stainless-steel (SS) vessel. The SS vessel was closed, sealed, and placed in an oven at 90 ± 
2 °C for seven days. A reference material experiment and two blank tests were run in 
parallel with the measured hollandite samples. Once cooled, post-leaching solutions were 
analyzed by mass spectrometry. More experimental details could be found elsewhere 
[42,44,45,50,93,156]. Three replicate experiments with the mass of at least one gram were 
measured for each composition to obtain reliable leaching data. It is notable that the effect 
of SA/V ratio on the leaching rate of Cs is less significant [49]. In addition, the Cs release 
is apparently independent of the pH value when the pH is larger than 1 [49]. 
 75 
5.2.3 Elution of radioactive 137Cs-substituted hollandite 
Three hollandite samples HA0.67, HA0.67*, and HA1.0 were performed elution 
tests. HA0.67 and HA0.67* had identical composition but were synthesized from the 137Cs 
with different activities. An aqueous leaching study was conducted on each sample to 
measure the Cs release of the 137Cs-substituted hollandite. As-synthesized hollandite was 
loaded into a 2 mL bed volume BIO-RAD Poly-Prep chromatography column mounted on 
a twelve-position vacuum box (Eichrom Technologies). Each sample was washed by DI 
water with varying volume from 5 to 50 mL. Totally, each sample was washed between 10 
and 20 times. The activity of 137Cs in the elute of each sample was measured after every 
wash. Experimental details can be found in our recent publications [50]. 
5.3 Results and discussion 
5.3.1 Ga-substituted hollandite 
Detailed leaching data of each hollandite sample replicate are reported in Table 5.1. 
The trends of the average fractional release of Cs and Ga as a function of Cs content are 
shown in Figure 5.1. In general, the average fractional Cs release (FRCs) is much lower in 
the higher Cs-containing hollandite samples (i.e., HG0.67 and HG1.33) compared to that 
in the lower Cs-containing analogue (i.e., HG0.29). Meanwhile, the average fractional Ga 
release (FRGa) for the Cs-containing samples is lower by an order of magnitude as 
compared to the FRCs except for the Ba end-member which has significantly increased Ga 
release. The much higher durability of Ga substitution in the octahedra framework probably 
indicate that the degradation of the hollandite waste forms would be initiated by the loss of 
Cs ions in the tunnels other than the destruction of the framework. Moreover, a Cs content-
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dependent releasing trend has been found that is the fractional release of Cs and Ga 
decreases with increased Cs content. The improved Cs leaching resistance might be 
attributed to the enhanced thermodynamic stability [44], which has been demonstrated in 
Chapter 4. 
However, it worth noting that the Cs end member (i.e., HG1.33) possessing the 
optimum thermodynamic stability does not exhibit the minimum Cs release. Instead, the 
second most stable composition HG0.67 has the best Cs leaching resistance slightly better 
than that of the more stable counterpart HG1.33. The difference of Cs release between the 
two samples should not be resulted from experimental uncertainty as it is very small. In 
fact, the slight mismatch between the Cs durability and thermodynamic stability reveals 
that their correlation is a more complicated relationship instead of a simple linear trend. 
Possibly, the Cs release might drop drastically when the Cs content is first increased from 
a relatively low level (e.g., HG0.29) but a plateau of Cs release would be gradually 
achieved once the Cs concentration is higher than a certain threshold value. Although some 
arguments have been made that the Cs leaching is not significantly impacted by surface 
area and pH values [49,120], such a small release difference between HG0.67 and HG1.33 
could be induced by these indecisive factors. Nevertheless, it still cannot exclude the 
possibility that a small number of Ba ions coexisting with Cs ions in the tunnels might help 
decrease Cs release as similar cases have been reported in other hollandite systems 
[45,50,99,120]. In summary, there is not a convincible explanation to resolve this 
abnormality at the current stage. 
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Table 5.1 Leaching data for the Ga-substituted hollandite samples§ [44].  










fGa pH FRCs FRGa 
HG0 
1 −100/+200 1.0 10 0 0 0.0356 0.2183 7.08 0 0.0016 
2 −100/+200 1.0 10 0 0 0.0363 0.2183 7.13 0 0.0017 
3 −200/+270 1.5 15 0 0 0.0415 0.2183 7.26 0 0.0019 
HG0.29 
1 −100/+200 1.0 10 0.0288 0.0266 0.0068 0.1952 8.40 0.0108 0.0003 
2 −200/+270 1.5 15 0.1038 0.0266 0.0093 0.1952 8.15 0.0390 0.0005 
3 −200/+270 1.5 15 0.0968 0.0266 0.0090 0.1952 7.90 0.0364 0.0005 
HG0.67 
1 −100/+200 1.5 15 0.0318 0.0850 0.0029 0.1709 8.72 0.0037 0.0002 
2 −200/+270 1.5 15 0.0576 0.0850 0.0067 0.1709 8.32 0.0068 0.0004 
3 −200/+270 1.5 15 0.0598 0.0850 0.0068 0.1709 8.30 0.0070 0.0004 
HG1.33 
1 −100/+200 1.5 15 0.0974 0.1937 0.0043 0.1213 8.03 0.0050 0.0004 
2 −200/+270 1.5 15 0.1942 0.1937 0.0067 0.1213 7.66 0.0100 0.0006 
3 −200/+270 1.5 15 0.1948 0.1937 0.0066 0.1213 7.76 0.0101 0.0005 
§ The PCT methodology (i.e., Method B) does not assure direct comparison to other 
samples unless identical test protocols (e.g., sample surface area, particle morphology, 
water volume, etc.) are maintained and if the dissolution mechanisms are similar [93].  
R: Replicate, SF: Sieve fraction, M: Sample mass, V: Water volume 
CCs: Concentration of Cs, fCs: Fraction of Cs in the pre-leaching samples, FRCs: Fractional 
Cs release 





Figure 5.1 Average fractional Cs and Ga release as a function of Cs contents for 
the Ga-substituted hollandite samples. 
 
5.3.2 Fe-substituted hollandite 
Chemical durability of Fe-substituted hollandite was evaluated by measuring 
elemental release of tunnel cations in the aqueous leaching tests. Detailed experimental 
results of the sample suite were summarized in Table 5.2. Normalized elemental release 
(NLi) were reported for this Fe-substituted hollandite system because accurate surface area 
was obtained by BET measurements. The trends of normalized Cs release (NLCs) and Ba 
release (NLBa) as a function of Cs content were shown in Figure 5.2. Three replicate 
measurements were performed for each composition exhibiting very consistent leaching 
data. In general, the values of NLCs are greatly decreased for the compositions with 
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relatively high Cs content, such as HF0.67 and HF1.33. In contrast, HF0.2 with lower Cs 
concentration exhibits evident increase in NLCs. Comparing the values of NLCs and NLBa 
in Figure 5.2 (a) and (b), the Ba leaching is much less significant in any hollandite samples. 
This indicates that Ba cations have better resistance against chemical attack coming from 
the surrounding solution. Moreover, the samples HF0.67 and HF1.33 still exhibit better Ba 
leaching resistance than their lower Cs-containing analogue HF0.2. In fact, the origin of 
the improved chemical durability of the tunnel cations (i.e., Cs and Ba) as a function of Cs 
content might be explained from the perspective of thermodynamics. As discussed in 
Chapter 4, the hollandite sample with higher Cs concentration is more energetically stable 
and subsequently have better capacity to constrain the Cs and Ba ions to stay in the tunnels. 
However, the anomaly between the Cs leaching and thermodynamic stability 
observed in Ga-substituted hollandite system [44] happens again in this Fe-substituted 
hollandite system- the most energetically stable composition HF1.33 does not exhibit the 
least Cs release. Thus, it is convincing to exclude the possibility of experiment errors 
resulting in the threshold behavior of Cs leaching seen in the hollandite waste forms. It is 
also reasonable to claim that the anomaly is not majorly caused by the geometric effect as 
the Cs release has been normalized from measured surface area in this system. Moreover, 
the origin of anomaly is also less likely resulted from the different pH values because they 
only vary in a narrow range from 8.55 to 10.80 [49,120]. Therefore, it is plausible that the 
energetic stability is not the sole factor to determine the real Cs leaching behavior. 
More in-depth studies are still needed in order to understand the complex 
mechanism of Cs release in hollandite waste forms. For example, more leaching tests 
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should be performed on the hollandite samples whose Cs content are between HF0.67 and 
HF1.33. As a result, a more conclusive Cs release trend as a function of Cs content will be 
provided. 
  




















1 1.50 15.0 0.098 0 0 4.93E−03 0.2298 9.00 0 2.15E−04 
2 1.50 15.0 0.098 0 0 4.83E−03 0.2298 9.27 0 2.11E−04 
3 1.00 10.0 0.098 0 0 5.20E−03 0.2298 8.55 0 2.27E−04 
HF0.2 
1 1.51 15.1 0.3036 0.0181 0.0369 6.52E−05 0.1833 9.74 0.0162 1.17E−05 
2 1.51 15.1 0.3036 0.0179 0.0369 5.89E−05 0.1833 9.73 0.0160 1.06E−05 
3 1.51 15.1 0.3036 0.0181 0.0369 6.09E−05 0.1833 9.76 0.0162 1.10E−05 
HF0.67 
1 1.50 15.0 0.6469 0.0329 0.0956 <1.67E−05* 0.1095 9.41 0.0053 <2.36E−06* 
2 1.50 15.0 0.6469 0.0326 0.0956 <1.67E−05* 0.1095 9.44 0.0053 <2.36E−06* 
3 1.50 15.0 0.6469 0.0324 0.0956 <1.67E−05* 0.1095 9.74 0.0052 <2.37E−06* 
HF1.33 
1 1.50 15.0 0.6057 0.1130 0.2015 0 0 10.48 0.0093 0 
2 1.50 15.0 0.6057 0.1130 0.2015 0 0 10.72 0.0092 0 
3 1.00 10.0 0.6057 0.1140 0.2015 0 0 10.80 0.0094 0 
* Table 5.2 is referred from the previous study by Zhao et al. [45]. 
R: Replicate, M: Sample mass, V: Water volume, SA: Surface area 
CCs: Concentration of Cs, fCs: Fraction of Cs in the pre-leaching samples, NLCs: Normalized 
Cs release 
CBa: Concentration of Ba, fBa: Fraction of Ba in the pre-leaching samples, NLBa: 
Normalized Ba release 
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Note: CBa and NLBa denoted as “*” in Table 5.2 roughly showed their order of magnitude 





Figure 5.2 (a) Normalized Cs release (NLCs) of three sample replicates for each Fe-
substituted hollandite composition and their average values of NLCs. (b) NLBa of three 
sample replicates for each composition and their average values of NLBa. (Note: NLBa and 
average NLBa labelled by “*” in Figure 5.2 (b) roughly showed the order of magnitude of 
Ba release as the actual data was even lower beyond the detection limit of ICP-AES.) 
 
5.3.3 Al-substituted hollandite 
(a) Aqueous leaching tests 
Cs leaching resistance in the Al-substituted hollandite system was estimated from 
the results of PCTs (Method-B). The trend that the value of fractional Cs release (FRCs) 
versus Cs content in various samples is shown in Figure 5.3. The Cs leaching data was not 
normalized in this work because the difference in sample surface area is expected to be less 
than one order of magnitude difference across the entire compositional range, which was 
confirmed in the BET measurements conducted on the similar Fe-substituted hollandite 
system in previous section [45]. Moreover, the leaching analysis based on the normalized 
Cs release in Fe-substituted hollandite [45] suggested that different surface areas would 
not alter the Cs leaching rate much agreeing to prior studies [49,120]. Therefore, the values 
of FRCs still can provide qualitative assessment for the Cs leaching behavior even without 
normalization. 
As shown in Figure 5.3, the value of FRCs of HA0.33 is five times smaller compared 
to that of HA0.67. Meanwhile, the value of FRCs of HA1.0 is even smaller than that of 
HA0.67. In general, this evidence reproduces the trend illustrated in the Ga-, Zn- and Fe-
 83 
substituted hollandite systems [42,44,45,120]. The profound decrease of Cs release in 
higher Cs-containing Al-substituted hollandite is benefited from higher energetic stability 
in itself. Moreover, the microstructural comparison between the pre-leaching and post-
leaching samples reported by Zhao et al. [50] also revealed that the hollandite composition 
with higher Cs content exhibited better structural stability. 
 
 
Figure 5.3 Values of fractional Cs release (FRCs) for the Al-substituted hollandite 
samples as a function of Cs contents. 
 
(b) Elution studies of 137Cs-subsituted hollandite 
Two hollandite compositions HA0.67 and HA1.0 with radioactive 137Cs were 
selected to conduct elution studies because of their exceptional energetic stability and Cs 
leaching resistance. Figure 5.4 (a) displays a trend of the measured 137Cs activity as a 
function of different wash volume in the three samples HA0.67, HA0.67*, and HA1.0. 
HA0.67 and HA0.67* have the same composition but were synthesized from the 137Cs with 
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different activities. Specifically, 0.4 µCi of 137Cs was used for HA0.67 while 18 µCi of 
137Cs was used for HA0.67*. HA1.0 was prepared from 0.2 µCi of 137Cs. The measured 
137Cs activity decayed with successive wash following a power-law relationship, which 
was observed in all three samples. Such a decay behavior indicated the occurrence of 
chemical desorption processes. Although some increased activities were recorded in select 
eluate which was not washed continuously due to interruption, none of those values 
returned to the initial level. More than half of the total 137Cs was eluted only by 5 mL in 
the first wash set. Furthermore, only 30 and 15 mL will be enough to elute ~ 90% of the 
total 137Cs for HA0.67 and HA1.0. 
To study the effect of radioactive 137Cs concentration on the Cs leaching behavior, 
the percentages of 137Cs loss of the three samples (i.e., HA0.67, HA0.67*, and HA1.0) in 
the first two wash were reported in Table 5.3 and Figure 5.4 (b). As shown in Figure 5.4 
(b), the cumulative loss of 137Cs in HA1.0 reached a plateau after approximately 30 mL 
wash and the overall loss is only about 5%. For HA0.67 and HA0.67*, an equilibrium of 
137Cs loss was also achieved after ~100 mL for each sample, although the correspondingly 
ultimate loss (i.e., ca. 40% and 20% for HA0.67 and HA0.67*, respectively) is much higher 
compared to the higher Cs-containing analogue HA1.0. Therefore, the trend observed in 
the previous PCTs of hollandite samples- higher Cs content will improve Cs release-was 




Figure 5.4 (a) The plot of 137Cs activity measured in the eluate for the three Al-substituted 
hollandite samples versus cumulative wash volume; (b) Cumulative loss percentages of 
137Cs for the three Al-substituted hollandite samples.  
 
Table 5.3 The loss of 137Cs activity in the first and second washes for the three measured 
Al-substituted hollandite samples*.  
 
Sample 
137Cs Activity (1st wash) 137Cs Activity (2nd wash) 
In first eluate 
(dpm/mL) 
Percentage 
of 137Cs loss 
In second eluate 
(dpm/mL) 
Percentage 
of 137Cs loss 
HA0.67* 5.41 × 105 6.7% 2.26 × 105 2.8% 
HA0.67 1.13 × 104 13% 3.41 × 103 3.8% 
HA1.0 3.97 × 103 2.2% 1.44 × 103 0.8% 
* Table 5.3 is referred from the previous study by Zhao et al. [50]. 
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5.4 Summary 
 The elemental release of the B-site dopants (e.g., Ga) is significantly smaller than 
that of tunnel Cs ions indicating that the degradation of the hollandite waste forms 
would be induced by the loss of Cs ions in the tunnels other than the destruction of 
the framework. 
 Both Ba and Cs ions are in the tunnels, but the Ba release is much smaller revealing 
that its better resistance against chemical attack from the surrounding solution. 
 In general, Cs release is profoundly improved for the higher Cs-containing 
hollandite samples which is attributed to better energetic stability. 
 The slight compositional mismatch regarding the Cs leaching resistance and 
thermodynamic stability suggests that their correlation is a more complicated 
relationship instead of a simple linear trend. 
 The results of elution studies of radioactive 137Cs-substituted hollandite samples 






RADIATION DAMAGE AND THERMAL RECOVERY 
 
6.1 Introduction 
Radiation stability is one of the most important properties for nuclear waste form 
materials. As a waste form it has to bear various radiation from surrounding radionuclides. 
The radiation stability of hollandite-type waste forms has been tested under different 
extreme radiation conditions [54,55,58,98,99,102]. According to the prior studies, 
hollandite waste forms exhibited excellent radiation resistance against electron [55] and 
gamma irradiation [98]. Recently, their radiation response under the simulated alpha-decay 
environment was investigated via Kr ion irradiation in the MeV range [58,99]. However, 
this ion irradiation could only induce insignificant and inhomogeneous damage on the 
sample surface. In this work, the use of high-energy ion beam in the GeV range produced 
sufficient quantity of homogenously damaged samples to initiate bulk calorimetric 
measurements [60,105]. Moreover, the analysis of the structural changes at different 
length-scales was conducted as well. Therefore, the combination of the structural and 
thermodynamic analysis was able to systematically explain the mechanisms of radiation 
damage and thermal recovery for the hollandite compositions with different B-site dopants. 
6.2 Experimental procedure 
6.2.1 Sample synthesis 
Three hollandite Cs end-members Cs1.33Ga1.33Ti6.67O16, Cs1.33Fe1.33Ti6.67O16, and 
Cs1.33Zn0.67Ti7.33O16 were denoted as HG1.33, HF1.33, and HZ1.33, respectively. They 
were synthesized via solid-state reactions and detailed sample synthesis can be found in 
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the previous studies [42,44,45]. Obtained hollandite samples were further damaged by 
swift ion irradiation. Later on, the post-irradiation samples were conducted thermal 
annealing. Thus, three structural states had been created and defined from here on as 
follows: (1) The as-synthesized samples were labelled as “pristine”, (2) the samples 
exposed to swift ion irradiation were labelled as “irradiated”, and (3) the irradiated samples 
processed by thermal annealing were labelled as “annealed”. 
6.2.2 High-energy gold ion irradiation 
Pristine samples were irradiated by 1.1 GeV gold (Au) ions at room temperature to 
a fluence of 5 × 1012 ions/cm2 using the X0 branch of the UNILAC accelerator of the GSI 
Helmholtz Center for Heavy Ion Research in Darmstadt, Germany [60]. Additional details 
related to this experimental procedures have been described in Chapter 2 [103–105,124]. 
6.2.3 Characterization 
Powder X-ray diffraction (XRD) and Raman spectroscopy were performed on the 
samples with different structural states. The XRD spectra was collected from 10 to 70° 2θ 
with a 0.02° step size on a Rigaku Ultima IV diffractometer with monochromatic Cu Kα 
radiation (λ = 1.54 Å). The intensity of the XRD peaks for each sample was normalized 
with respect to the peak with the highest intensity. Raman spectroscopy was conducted on 
a Horiba LabRAM HR Evolution Raman microscope and 532 nm laser with 5 mW output 
power was selected. 
6.2.4 Calorimetry 
The difference of enthalpies of drop solution between pristine and irradiated 
samples directly gives the enthalpy of damage at room temperature, which was determined 
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by high-temperature oxide melt solution calorimetry. Differential scanning calorimetry 
(DSC) was performed on a NETZSCH STA 449 F3 Jupiter instrument to observe potential 
thermal reactions during the annealing process. More experimental procedures and details 
have been described in Chapter 2 and the paper we published recently [60]. 
6.3 Results and discussion 
6.3.1 Radiation-damage formation 
Figure 6.1 shows the XRD spectra of pristine and irradiated HG1.33, HF1.33, and 
HZ1.33. All three pristine samples exhibit well-crystallized tetragonal hollandite structures 
(space group: I4/m) regardless of the B-sites substitution identity. Negligible Bragg peak 
shifting of the (310) diffraction peak has been observed indicating that the unit cell was not 
affected much by B-site substitutions. After irradiation, the diffuse scattering is observed 
in the 2θ range of 20-35° in all three irradiated samples indicative of occurrence of 
crystalline-to-amorphization. Moreover, the degree of amorphization was distinct for the 
sample with different B-site substitutions. For instance, a small amount of crystallinity was 
present in the irradiated HF1.33 and HG1.33 according to the remnant diffraction maxima 
and relatively weak diffusive scattering. In contrast, almost all crystallinity might be lost 
for the irradiated HZ1.33 because there was not any Bragg peak, but a wide amorphous 
hump was found in the XRD spectrum. It is worth noting that the noise signal is very large 
although the amorphous humps show up. The poor quality of the XRD data might be 
attributed to the shallow penetration (e.g., a few microns beneath the sample surface) of 
the traditional laboratory-based diffractometer using Cu Kα radiation (λ = 1.54 Å), so the 
interior structure cannot be probed [157]. In addition, the status of the instrument when the 
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measurements were performed may also profoundly impact the data quality. An XRD with 
higher energy, such as synchrotron XRD, would be more powerful to resolve the 
amorphous phases. Nevertheless, the amorphization of the three samples was clearer in the 
results of neutron total scattering reported by Zhao et al. [60]. 
 
 
Figure 6.1 The XRD spectra of (a) HG1.33, (b) HF1.33, and (c) HZ1.33 hollandite 
samples before (pristine) and after (irradiated) swift heavy ion irradiation. 
 
Figure 6.2 displays the Raman bands of pristine and irradiated HZ1.33 hollandite 
samples. The assignment of vibration modes is summarized in Table 6.1. For pristine 
HZ1.33, five relatively strong peaks are observed at ~110, ~328, ~475, ~618, and ~683 cm-
1, while a broad shoulder hump is located between 200 and 290 cm-1.  The peaks at ~110 
and ~475 cm-1 may be attributed to the symmetric stretching modes of BO6 octahedra 
framework, whereas the peaks at ~328, ~618, and ~683 cm-1 along with the broad hump 
between 200 and 290 cm-1 may result from the bending modes of BO6 octahedra 
[45,119,134–139]. In contrast, two bands at ~618 and ~683 cm-1 in the Raman spectrum of 
pristine HZ1.33 merge into a very broad hump between ~510 and ~750 cm-1 as shown in 
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the pattern of irradiated HZ1.33 (Figure 6.2 (b)), although the band shape and band position 
was maintained for the rest of the vibration modes. In addition, the hump between ~400 
and ~510 cm-1 in irradiated HZ1.33 was widened by merging the weak hump at 550 cm-1 
in pristine HZ1.33. The combination of several bands observed in the Raman spectra of the 
irradiated sample indicates that the local bonding environment related to the BO6 octahedra 
framework was altered by high energy heavy ion irradiation. 
 
 








Table 6.1 Wavenumbers of observed Raman bands and assignment of vibration modes for 
pristine and irradiated HZ1.33 hollandite samples*.  
Wavenumber (cm-1) 
Mode assignment 
Pristine sample Irradiated sample 
110 116 Eg 
200-290 200-280 Ag, Bg 
328 329 Ag 
475 462 Eg 
618 613 Bg 
683 - Bg 
* Table 6.1 is referred from the previous study by Zhao et al. [60]. 
 
High-temperature oxide melt solution calorimetry was utilized to compare the 
energy landscape between different states (i.e., pristine versus damaged). Enthalpies of 
drop solution (ΔHds) in pristine and irradiated samples were measured and reported in Table 
6.2. It is notable that previously determined quantity of secondary phase TiO2 rutile was 
referred in Table 6.3 and used to correct the values of ΔHds in Table 6.2 [60]. The average 
enthalpy difference in ΔHds between pristine and irradiated samples is defined as enthalpy 
of damage (ΔHdmg). The value of ΔHdmg can be used as a measure of radiation stability for 
each composition and smaller value indicates enhanced stability to high energy irradiation 
with smaller levels of radiation damage. As shown in Figure 6.3 (a), all three pristine 
samples are largely endothermic with values of ΔHds on the order of 450 kJ/mol. However, 
the values of ΔHds for their corresponding irradiated analogues are significantly decreased 
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as a function of B-site substitutions changing from an endothermic to an exothermic 
behavior. Specifically, the value of ΔHds for irradiated HG1.33 remains endothermic, 
whereas the values of ΔHds for irradiated HF1.33 and HZ1.33 become exothermic. 
 The large average enthalpies of damage ΔHdmg shown in Figure 6.3 (b) indicate that 
high energy ion irradiation greatly destabilized the well-crystallized hollandite samples. 
The destabilization was induced through a crystalline-to-amorphous transformation and 
subsequently lead to the destruction of the characteristic tunnel structure. Among the three 
compositions, the value of ΔHdmg for HZ1.33 is the largest (i.e., 1203.5 ± 117.6 kJ/mol), 
while HG1.33 has the smallest ΔHdmg (i.e., 378.0 ± 3.4 kJ/mol). The relatively large errors 
of the values of ΔHdmg are due to the limited quantity of irradiated samples available for 
calorimetric experiments agreeing with a previous study by Grote et al. [99] in which 
HG1.33 exhibited higher radiation resistance against intermediate-energy Kr2+ ion 
irradiation (i.e., 400 keV) than HZ1.33. 
 
 
Figure 6.3 (a) Enthalpies of drop solution (ΔHds) for pristine and irradiated HG1.33, 
HF1.33, and HZ1.33, (b) average enthalpies of damage (ΔHdmg) determined by the 
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enthalpy difference in ΔHds between pristine and irradiated samples of HG1.33, HF1.33, 
and HZ1.33 [60].  
 
Table 6.2 Enthalpies of drop solution (ΔHds) for pristine and irradiated hollandite end-
members in sodium molybdate (3Na2O·4MoO3) solvent at 702 °C [60].  
Sample Mass (mg) ΔHds (kJ/mol)a ΔHdmg (kJ/mol)a 
Pristine HG1.33 ~5 471.2 ± 3.3 (6) N/A 
Irradiated HG1.33_1 3.28 94.3 N/A 
Irradiated HG1.33_2 2.31 92.2 N/A 
Irradiated HG1.33 (average) N/Ab 93.3 ± 1.0 (2) 378.0 ± 3.4 (2) 
Pristine HF1.33 ~5 481.6 ± 7.9 (6) N/A 
Irradiated HF1.33_1 1.55 −225.2 N/A 
Irradiated HF1.33_2 1.13 −544.9 N/A 
Irradiated HF1.33 (average) N/A −385.1 ± 159.8 (2) 866.7 ± 160.0 (2) 
Pristine HZ1.33 ~5 417.6 ± 6.3 (6) N/A 
Irradiated HZ1.33_1 2.98 −903.5 N/A 
Irradiated HZ1.33_2 2.50 −668.5 N/A 
Irradiated HZ1.33 (average) N/A −786.0 ± 117.5 (2) 1203.5 ± 117.6 (2) 
a Value is the mean of the number of experiments indicated in the parentheses. The 




Table 6.3 The quantity of the secondary phase TiO2 rutile in the pristine hollandite samples 
which was determined by Rietveld refinement results*.  




* Table 6.3 is referred from the previous study by Zhao et al. [60]. 
 
6.3.2 Thermal annealing induced recovery 
Irradiated HG1.33 and HF1.33 were thermal annealed at 1200 °C for 5 min and 
subsequently cooled down to room temperature and the whole annealing process was 
recorded by a DSC instrument. Two annealing cycles were performed for each 
composition. It is worth noting that thermal annealing was not conducted on irradiated 
HZ1.33 as there was no remaining samples after drop solution calorimetry. XRD and 
Raman spectroscopy were used characterize the structural changes before and after 
annealing over different length-scales. In Figure 6.4 (a), XRD results of HF1.33 show that 
the diffraction maximum of the (310) plane was strongly reduced in the irradiated sample 
in agreement with ion-induced amorphization. Similar behavior was also observed for 
HG1.33 [60]. No significant changes occurred in the XRD patterns after thermal annealing 
up to 1200 °C suggesting that current treatment was insufficient to restore the structure of 
the damaged sample over long-range ordering period. However, the changes of the local 
structure of HF1.33 after annealing were different. As shown in the Raman spectra in 
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Figure 6.4 (b), annealed and pristine HF1.33 have the same major peaks. Furthermore, the 
intensity and width of the most intense two peaks in their spectra at ~120 and 340 cm-1 are 
comparable. These local vibrations are attributed to BO6 octahedra framework. A few weak 
peaks (labeled as “*” in Figure. 6.4 (b)) emerged in annealed HF1.33 indicated newly 
formed local vibrations which might be not related to BO6 octahedral framework. It is 
likely that these emerging peaks are resulted from the new local rearrangement between 
the B-site cations (e.g., Fe or Ti) which was induced by the reduction of coordination of 
these cations to the neighboring oxygen lattice. These emerging peaks also might be 
attributed to the formation of oxygen-related defect clusters [56]. Aubin-Chevaldonnet et 
al. [56] claimed that thermal annealing may alter the local environment through the 
formation of ion-induced defects. The development of the oxygen-related defects may be 
resulted from the severely damaged structure and Ar atmosphere. Other possibilities 
leading to the newly formed vibrations were also considered including the formation of 
constituent binary oxides (e.g., α-Fe2O3 and TiO2 rutile) and the background signal from 
the glass substrates [136,158,159]. However, the peaks labeled as “*” in Figure 6.4 (b) 
could not be well matched to the characteristic Raman peaks of these potential phase 
candidates. In addition, none of these phases was found in post-annealing XRD results as 
well. To unveil the origin of these emerging vibrations, a comparison between the samples 




Figure 6.4 (a) The XRD spectra and (b) the Raman spectra of pristine, irradiated, and 
annealed HF1.33. “∗” represents the vibrations attributed to the newly formed structure in 
local environment other than (B,Ti)O6 octahedra framework [60].  
 
Figure 6.5 displays the DSC profiles of irradiated samples HF1.33 and HG1.33. For 
both compositions, two exothermic peaks were observed in different temperature regions 
indicating two exothermic events occurred. Moreover, these two thermal peaks were 
located in the similar temperature regions for both compositions. The first exothermic event 
occurred between ~200 °C and ~500 °C, while the second one was lasting between ~500 
°C and ~800 °C. It seems that these exothermic events were not resulted from potential 
chemical reactions with surrounding because thermal annealing proceeded in an inert Ar 
atmosphere. Therefore, the origin of the two peaks in the DSC profiles might be attributed 
to annealing-induced structural changes. The two peaks falling in different temperature 
regions indicate that the whole structural changes were completed by two steps. The 
structure will not be further evolved after the first annealing cycle as no appreciable peaks 








A similar crystalline-to-amorphous transformation over long-range ordering period 
was induced by swift ion irradiation for all three hollandite compositions, but the degree 
of amorphization was different. Neutron pair distribution function (PDF) analysis by Zhao 
et al. [60] also indicated distinguishable local radiation responses of each composition as a 
function of B-site substitutions. Figure 6.6 is drawn here as a schematic to qualitatively 
illustrate the unique changes of local bonding environment for each composition against 
high-energy ion irradiation. More details regarding the bonding information can be found 
in the studies by Zhao et al. [60]. For HF1.33, its local structure prioritizes to remain the 
cubic coordination of tunnel Cs ions by expensing the symmetry of BO6 octahedra and B-
B sublattice. On the contrary, the symmetry of B-B sublattice in HZ1.33 was largely 
preserved but the cubic coordination of tunnel Cs ions and the symmetry of BO6 octahedra 
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were profoundly expensed. However, it is intriguing that HG1.33 maintains the integrity 
of tunnel feature to the utmost although the BO6 octahedra was expanded somewhat. In 
fact, the origin of different radiation responses might be attributed to the structural feature 
in the constituent binary oxide form of respective B-site dopants in the parent hollandite 
[60]. For example, Ga2O3, Fe2O3, and ZnO are the binary oxide forms for HG1.33, HF1.33, 
and HZ1.33, respectively. Among the three B-site dopants, Ga is the most chemically 
suitable to maintain layering schemes at atomic-scale, so this feature leads to an increased 
radiation stability, which is supported by the results of solution calorimetry in Figure 6.3. 
In addition, the better radiation stability of HG1.33 against intermediate-energy ion 
irradiation was found by Grote et al. [99] compared with HZ1.33. 
 
 
Figure 6.6 Distinct radiation response of each composition in local environment. The 
filled circles represent the position of cations in irradiated samples, while the open circles 
represent the position of cations in pristine samples.  
 
The energetics results obtained from the DSC experiments in Figure 6.5 provide 
more insights associated with annealing-induced structural rearrangement because such a 
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rearrangement at atomic-scale has been observed in the post-annealing pyrochlore systems 
[105,160–163]. In the case of hollandite systems, a two-step structural change can be used 
to explain the thermodynamic results: (1) a rearrangement of the B-site cations in BO6 
octahedra at lower temperatures (i.e., ~200-500 °C) and (2) restoration of the coordination 
environment of tunnel Cs cations at higher temperatures (i.e., ~500-800 °C). Figure 6.7 
displays a simplified structural evolution of an irradiated sample over the short-range 
during annealing process [60]. In the first step, the displaced B-site cations would return to 
their initial position in BO6 octahedra of the pristine samples. During the process of the 
displaced cations moving back, some new local structures could form which might be 
related to the interaction between B-site cations and neighboring oxygen. Appearance of 
some additional Raman bands in the annealed samples as shown in Figure 6.4 confirmed 
those newly formed local structures. In the second step, the tunnel Cs ions started to restore 
their polyhedral network because it was more difficult for the less mobile Cs ions to move 
at relatively low temperatures compared with B-site cations. 
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Figure 6.7 A simplified structural comparison between an irradiated sample and an 
annealed sample over short-range. The filled circles represent the position of cations in 
the irradiated sample; the open circles represent the position of cations in the pristine 
samples; the shadowed circles represent the position of cations in the annealed samples.  
 
Annealing-induced structural recovery of the radiation damaged hollandite 
structure is complex and decoupled over different length-scales because apparent structural 
changes were observed over short-range instead of over long-range. Despite the intricate 
recovery in hollandite structure, similar decoupled and multi-recovery processes were 
observed in other nuclear related materials. For some irradiated alloys containing Ni and 
Cr, their short-range ordering had been fully recovered by thermal annealing but the long-
range ordering was not recovered [164,165]. However, for some irradiated pyrochlore 
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systems [105], the recovery of long-range structure was completed earlier than the short-
range structure. 
The different recovering behavior between pyrochlore and hollandite structure 
could be explained from the perspective of energetics and crystallography. In pyrochlore, 
a disordered crystalline pyrochlore could exist at ambient atmosphere as the metastable 
state between the most stable state (i.e., fully ordered crystalline pyrochlore) and least 
stable state (i.e., amorphous pyrochlore). Thus, the metastable state could become the 
intermediate recovering stage and provide a potentially faster pathway for irradiated 
pyrochlore to recover from the amorphous state to the disordered state over long-range 
[105]. In contrast, it is less likely for hollandite to have a metastable state between the fully 
ordered state (i.e., pristine) and amorphous state (i.e., irradiated) because of the complicate 
tunnel feature. As a result, a structural recovery over long-range was not detected under 





Figure 6.8 The schematic diagram to show the energy landscape among different states of 
hollandite-type materials [60].  
 
6.4 Summary 
 Under high-energy heavy ion irradiation, a similar crystalline-to-amorphous 
transformation over long-range was observed for all three hollandite samples with 
different B-site dopants (e.g., Ga, Fe, and Zn) but the level of amorphization was 
distinguishable. 
 Results of Raman spectroscopy indicated that the local structure of hollandite 
sample was seriously damaged. 
 Radiation stability of the three hollandite samples was evaluated from the 
difference of energy landscape before and after irradiation which was determined 
by high-temperature oxide melt solution calorimetry. 
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 Calorimetric results suggested that Ga-substituted hollandite exhibited the optimum 
radiation stability. The radiation stability of Fe-substituted hollandite is 
intermediate, while that of Zn-substituted hollandite is the worst. 
 The origin of the distinct radiation stability is from the structural feature of the 
constituent binary oxide form of the B-site substitution (e.g., Ga2O3, Fe2O3 and 
ZnO). 
 DSC and structural analysis indicated that the mechanism of structural recovery via 










In the environment of disposed nuclear wastes, a significant amount of heat can be 
generated during the process of radioactive decay and subsequently drastically elevated the 
temperature of waste forms [20,40,53]. For a hollandite-structured waste form, the 
increased temperature could extremely enhance the motion of Cs ions in the tunnels which 
is largely restricted at ambient temperature by the surrounding oxygen bottle necks [65]. 
As a result, more Cs ions would be thermally activated and hop along the tunnels. This 
might increase the possibility of the reactions between the mobile Cs ions and the water in 
the environment and speed up the Cs leaching rate. Therefore, it is vital to minimize the 
ionic mobility of the A-site cations in hollandite-type waste forms. 
On the contrary, the potential of hollandite-type materials used as fast-ionic 
conductors has been investigated as well. Various studies [63,64,114] focusing on 
conduction mechanisms and conductivity measurements on different K hollandite systems. 
However, the effects of crystal structure (or symmetry) and tunnel cation content (i.e., A-
site occupancy) on conductivity has not been studied yet. 
In this chapter, the Cs cation conductivity of two Cs hollandite as waste forms (i.e., 
Cs1.33Fe1.33Ti6.67O16 and Cs1.33Ga1.33Ti6.67O16) was discussed at first. Later on, the electrical 
property of promising fast-ionic conductors (e.g., K and Na hollandite) was compared with 
that of a waste form candidate (e.g., Cs hollandite) in order to establish some correlations 
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between the same materials class used in wide range of applications. Moreover, the effects 
of crystal structure, B-site dopants, and A-site occupancy on conductivity were investigated 
on a variety of K hollandite systems.  
7.2 Experimental procedure 
7.2.1 Sample synthesis 
Various hollandite-type samples were fabricated. Their target compositions, sample 
names, and fabrication methods are given in Table 7.1. Except KxMn8O16-δ, almost all 
samples were synthesized via a solid-state reaction (SSR) and sintered by conventional 
sintering (CS). KxMn8O16-δ was synthesized via a solvent free (SF) method [166] and cold 
pressed (CP) into pellets without further sintering. 
For the samples synthesized via solid-state reactions, reagent-grade powders of 
carbonates (e.g., Na2CO3, K2CO3, and Cs2CO3) and oxides (e.g., MgO and TiO2) were used 
as starting materials. Stoichiometric amounts of raw materials were placed in high density 
polyethylene (HDPE) bottles. Ethanol with 95% purity and different sized of yttrium 
stabilized zirconia (YSZ) grinding media were added into the bottles to mix the powders. 
The materials were ball-milled for at least 24 hours to obtain homogenous slurry. The 
homogeneously mixed slurry was dried overnight in an oven at 80 °C. As-dried powders 
were ground by hands for a few minutes using an agate mortar and pestle. Afterwards, the 
ground powders were cold pressed into pellets to minimize potential loss of the volatile 
elements (i.e., Na, K, and Cs) during calcination. Heat treatment processes were performed 
in box furnaces in air and details were described as follows: (1) sample pellets were heated 
up to a temperature above 900 °C (e.g., usually between 900 °C and 1200 °C) for a few 
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hours to decompose carbonates; (2) as-calcined pellets were crushed, ground, and wet ball 
milled for another 24-36 hours; (3) obtained slurry was dried overnight; (4) as-dried 
powders was ground, cold pressed into pellets, and sintered for several hours at a higher 
temperature (e.g., usually between 1200 °C and 1300 °C) than calcination temperature. It 
is worth noting that KxTi8O16-δ were synthesized in 5% H2/Ar atmosphere. 
For KxMn8O16-δ, a solvent-free method was used, and the experimental procedures 
were described as follows. A stoichiometric ratio of KMnO4 to Mn(Ac)2∙4H2O (i.e., 2:3) 
powders were mixed and ground in an agate mortar for 10 min. The mixed powders were 
then transferred into a 20 mL glass vial. The vial was capped and placed in an oven at 80 
°C for 2 h. As-synthesized black products were taken out and washed with distilled water 
for multiple times in order to dissolve remaining ions. The post-washed products were 
dried at 80 °C in air overnight. 
7.2.2 Characterization 
XRD measurements were performed using a Rigaku Ultima IV diffractometer with 
monochromatic Cu Kα radiation (λ = 1.54 Å) to analyze phase formation of the synthesized 
samples. Microstructure were investigated by a Hitachi S4800 and SU6600 SEM. SE and 
BSE modes were selected. Elemental compositions were measured by EDS method by 
averaging the compositions of multiple different representative sites over the samples. 




Table 7.1 Target compositions, sample names, and fabrication methods of various 
hollandite samples.  
Target compositions Sample name Fabrication method 
Cs1.33Fe1.33Ti6.67O16 HF1.33 SSR & CS  
Cs1.33Ga1.33Ti6.67O16 HG1.33 SSR & CS 
Na1.54Mg0.77Ti7.23O16 Na1.54MgTO SSR & CS 
K1.54Mg0.77Ti7.23O16 K1.54MgTO SSR & CS 
Cs1.54Mg0.77Ti7.23O16 Cs1.54MgTO SSR & CS 
Na0.29Cs1.54Mg0.77Ti7.23O16 Na0.29 Cs1.25MgTO SSR & CS 
KxMn8O16-δ KMnO SF & CP 
KxTi8O16-δ KTO SSR & CS 
K1.45Ga1.45Ti6.55O16 K1.45GaTO SSR & CS 
K1.50Ga1.50Ti6.50O16 K1.50GaTO SSR & CS 
K1.54Ga1.54Ti6.46O16 K1.54GaTO SSR & CS 
K1.60Ga1.60Ti6.40O16 K1.60GaTO SSR & CS 
K1.65Ga1.65Ti6.35O16 K1.65GaTO SSR & CS 
 
7.2.3 Electrical measurements 
Experimental details of electrical measurements can be found in Chapter 2. 
7.2.4 High-temperature oxide melt solution calorimetry 
High-temperature oxide melt solution calorimetry was performed using an 
AlexSYS 1000 calorimeter (Setaram Inc.) operating at 702 °C. In a drop-solution 
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calorimetry experiment, well-ground sample powders with the mass of 4-6 mg were 
weighed and loosely pressed into a small pellet and dropped from room temperature into 
the molten sodium molybdate (3Na2O·4MoO3) solvent in a platinum crucible in the 
calorimeter. The calorimeter assembly was flushed continuously at 60 mL/min and the 
solvent was bubbled at 5 mL/min using Argon gas. Flushing ensures constant vapor 
pressure above the solvent, while bubbling aids dissolution. At least eight successful drops 
need to be conducted for each composition to obtain statistically reliable data. The heat 
content of high purity α-alumina (Sigma Aldrich, 99.999%) was used to calibrate the 
calorimeter. The experimental procedures have been well described and established by 
Navrotskty [83,86]. 
7.3 Results and discussion 
7.3.1 Electrical properties of Cs hollandite 
Figure 7.1 (a) shows XRD patterns of HG1.33 and HF1.33 samples indicating that 
single-phase hollandite phase has been formed for each composition. The AC impedance 





Figure 7.1 (a) The XRD patterns at room temperature and (b) the AC impedance spectra 
at 800 °C for HG1.33 and HF1.33 hollandite samples. 
 
A commonly used equivalent circuit model (RbCPEb)(RgbCPEgb)(Re1CPEe1) 
(Re2CPEe2) was selected to fit measured impedance data. Rb, Rgb, Re1, and Re2 are the 
resistances due to bulk, grain boundary, and electrodes; CPEb, CPEgb, CPEe1, and CPEe2 
are the constant phase elements of bulk, grain boundary, and electrodes. However, extra 
care has to be taken when one validates whether the chosen equivalent circuit model is 
appropriate to obtain valuable physical interpretation. Besides the inspection of Z’-Z’’ 
impedance spectra, it is also very important to check if there is a good agreement between 
the experimental and fitted data on the spectra of Z’-frequency, Z’’-frequency, admittance 
Y’-frequency, and permittivity ε’-frequency [118]. Impedance Z*, admittance Y*, and 
permittivity ε* can be interrelated by Equations (7.1) and (7.2): 
                                                        𝑍𝑍∗ = 𝑍𝑍′ + 𝑗𝑗𝑍𝑍′′ = (𝑌𝑌∗)−1                                                    (7.1) 
                                                               𝑌𝑌∗ = 𝑗𝑗𝑗𝑗𝐶𝐶0𝜀𝜀∗                                                                     (7.2) 
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where 𝑗𝑗 = angular frequency 2𝜋𝜋𝜋𝜋 and 𝐶𝐶0 =
𝜀𝜀0𝑆𝑆
𝑙𝑙
. 𝜀𝜀0 is the permittivity of free space, 8.854 
× 10-14 F/cm; 𝐴𝐴 is the area of electrode and 𝑙𝑙 is the thickness of sample pellet. 
Figure 7.2 serves as a representative showing the comparison between experimental 
and fitted data of HG1.33 at 700 °C. The used equivalent circuit model was 
(RgbCPEgb)(Re1CPEe1). As shown in Figure 7.2 (a-c), a good agreement was achieved 
indicating that this model was appropriate. The missing of the impedance signal from the 
bulk because the grain boundary resistance might dominate the overall impedance. This 
missing could also be explained from the spectra of complex electric modulus M* which 
can be related to impedance Z* by Equation (7.3). 
                                                               𝑀𝑀∗ = 𝑗𝑗𝑗𝑗𝐶𝐶0𝑍𝑍∗                                                                   (7.3) 
The spectra of imaginary components Z’’ and M’’ as a function of frequency are displayed 
in Figure 7.2 (d). A partial M’’ peak maximum is observed at high frequency region (i.e., 
~106 Hz) representing the bulk contribution of the hollandite sample. In contrast, the Z’’ 
peak maximum is located at lower frequency region (i.e., ~500 Hz). The peak maximum 
of M’’ and Z’’ does not appear in the similar high frequency region, so it is difficult to 




Figure 7.2 Experimental and fitted data in the spectra of (a) Z’-Z’’, (b) Z’/Z’’-frequency, 
(c) Y’/ ε’-frequency, and (d) Z’’/M’’-frequency for HG1.33 hollandite sample at 700 °C. 
 
Figure 7.3 (a) shows the variation of total conductivity at different temperatures 
and Figure 7.3 (b) was reported to obtain the activation energy of each hollandite sample 
by using liner fitting model. As shown in Figure 7.3, the conductivity of HF1.33 is at 
least two orders of magnitudes higher than that of HG1.33, while the activation energy of 
HF1.33 is much smaller than that of HG1.33. According to prior studies [64], the much 
higher conductivity and lower activation energy exhibited in HF1.33 might be due to 




Figure 7.3 Variations of total conductivity of HF1.33 and HG1.33 at different 
temperatures. 
 
Four-probe direct current (DC) measurements were further performed on HF1.33 
hollandite sample to determine the electronic conductivity. Figure 7.4 (a) shows the DC 
resistance at different temperatures which was used to calculate the electronic conductivity. 
In Figure 7.4 (b), the results of ionic and electronic transference number suggest that the 
electronic leakage is increased with decreased temperature supporting the previous 





Figure 7.4 (a) The resistance of HF1.33 hollandite measured by four-probe DC 
measurements at different temperatures, and (b) the ionic and electronic transference 
numbers of HF1.33 hollandite as a function of 1000/T (K-1). 
 
7.3.2 Electrical properties of hollandite-type materials with different A-site cations 
Three hollandite-type samples Na1.54Mg0.77Ti7.23O16, K1.54Mg0.77Ti7.23O16, and 
Cs1.54Mg0.77Ti7.23O16 were selected as benchmark to study conductive behaviors of 
different types of tunnel cations. They were denoted in the following text as Na1.54MgTO, 
K1.54MgTO, and Cs1.54MgTO, respectively. Figure 7.5 (a) shows the XRD patterns of the 
three compositions indicating that single-phase hollandite structure has been formed. 
Na1.54MgTO exhibits monoclinic structure, while K1.54MgTO and Cs1.54MgTO have 
tetragonal structure. The different crystal structure is resulted from the different ionic radii 
on the A-sites. For Na1.54MgTO, the tunnels have to be distorted to stabilize the relatively 
small sized Na cation on the A-sites, so the symmetry is reduced to monoclinic. In contrast, 
larger K and Cs cations can be accommodated on the A-sites without distorting the tunnels, 
so the tetragonal symmetry will be persevered. 
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To study the conduction of tunnel cations, EIS measurements were performed on 
Na1.54MgTO, K1.54MgTO, and Cs1.54MgTO. Figure 7.5 (b) demonstrates the EIS spectra of 
the three hollandite samples at room temperature (RT). It was expected that Na1.54MgTO 
would have the highest conductivity as Na cations are smaller and lighter than K and Cs 
cations. However, K1.54MgTO containing the intermediate sized and weighted K cations 
exhibits the optimal conductivity which is even an order of magnitude higher than that of 
Na1.54MgTO and Cs1.54MgTO. Moreover, Cs1.54MgTO with the largest and heaviest Cs 
cations displays lower conductivity than Na1.54MgTO. Based on the AC impedance results, 
it suggests that the symmetry might play a more profound role in conductivity comparing 
to the nature of mobile species in the tunnels. 
 
 
Figure 7.5 (a) The XRD patterns and (b) the EIS spectra at room temperature (RT) of 
Na1.54MgTO, K1.54MgTO, and Cs1.54MgTO. 
 
An additional hollandite composition Na0.29Cs1.25Mg0.77Ti7.23O16, having the same 
A-site occupancy (i.e., 77%) as that of Na1.54MgTO and Cs1.54MgTO, was attempted to 
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fabricate to further investigate the effect of the nature of mobile species in the tunnels on 
conductivity. This composition was named as Na0.29Cs1.25MgTiO in the following text. As 
shown in Figure 7.6 (a), a single-phase tetragonal hollandite has been achieved for 
Na0.29Cs1.25MgTiO. An EIS measurement was conducted on it and as-obtained spectra was 
compared to that of Na1.54MgTO and Cs1.54MgTO. Figure 7.6 (b) displays the EIS spectra 
at 21 °C of the three compositions. Na0.29Cs1.25MgTiO with tetragonal symmetry has the 
optimal conductivity; Na1.54MgTO having monoclinic symmetry exhibits the intermediate 
conductivity; the conductivity is the lowest for Cs1.54MgTO possessing tetragonal 
symmetry. The contribution from the A-site occupancy (or the concentration of mobile 
tunnel ions) to the distinct conductivity could be excluded because all three samples have 
the same occupancy. Thus, the various conductivity should be attributed to the effects of 
the symmetry and the nature of the mobile tunnel ions. Apparently, the symmetric 
improvement makes tetragonal Na0.29Cs1.25MgTiO exhibit higher conductivity compared 
to monoclinic Na1.54MgTO, agreeing to the results in the previous paragraph. More 
importantly, it seems that the nature of mobile species in the tunnels also affect greatly the 
total conductivity. For example, Na0.29Cs1.25MgTiO has higher conductivity, although both 
Cs1.54MgTO and Na0.29Cs1.25MgTiO have tetragonal symmetry. The higher conductivity 
might be attributed to the higher mobility of the smaller and lighter Na ions compared to 
the larger and heavier Cs ions. 
Despite the abovementioned analysis, it is worth noting that comprehensive 
understanding of the conduction mechanism has not been established yet. It is still 
controversial that where the different types of A-site cations (e.g., Na and Cs in this work) 
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are located in the tunnels. Beyeler and Strässler [107] claimed that K and Cs ions would be 
occupied in the same tunnels for the Cs-doped K1.54Mg0.77Ti7.23O16 hollandite systems, 
whereas Wen et al. [128] argued that Ba and Cs ions preferred to be placed in the different 
tunnels for the Ba0.67Cs0.67Ga2Ti6O16 hollandite system at relatively low temperatures. 
However, no matter where the position of the Na and Cs ions is, it is plausible that the large 
Cs cations expand the tunnel sizes and provide tetragonal symmetry for Na0.29Cs1.25MgTiO 
facilitating the Na motion. To resolve the issue of A-site cation distribution, more advanced 
techniques are needed such as extended X-ray absorption fine structure (EXAFS), pair 




Figure 7.6 (a) The XRD pattern of Na0.29Cs1.25MgTiO and (b) the EIS spectra at 21 °C of 
Na1.54MgTO, Na0.29Cs1.25MgTiO, and Cs1.54MgTO. 
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7.3.3 Transport of K cations in the tunnels 
Galvanostatic measurements were performed to analyze the mobile behaviors of 
tunnel cations [114]. K1.54MgTO was selected as the representative to demonstrate the 
transport of K cations. A ~10 mA constant direct current was applied to the hollandite 
sample pellet at different operating temperatures (e.g., 550 °C-750 °C). The variation of 
normalized E’ and resistance was recorded as a function of the time of employed current. 
Figure 7.7 (a-b) show that the E’ and resistance was increased as time indicating that the 
equivalent circuit of the hollandite sample was not an electronic conductor or at least not a 
pure electronic conductor, because the E’ and resistance should be a constant under a 
constant direct current. Therefore, some other electrochemical reactions, such as ion 
transport and capacitive process, might participate in the measurement. A series of 
schematics in Figure 7.7 (c-e) was proposed to explain the overall electrochemical 
reactions during the galvanostatic measurement. 
 At the beginning, parallel plate capacitors or CPEs of the bulk, grain boundary, 
interface, and electrodes are charged rapidly leading to an increase in E’. In general, the 
charge process of a regular RC circuit should be completed within five time constants (5τ) 
usually are about a few seconds. In this case, however, the sample is not fully charged until 
t > 20 s which is much longer than 5τ indicating that some processes mitigate the consistent 
increase of E’. It is likely that the charging process is hindered by the K ion transport. Once 
the field E’ is established, it will initiate the K ions to move. As the experiment continues, 
increasing internal electric field would be gradually established due to the K ion transport, 
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which becomes the driving force to counteract the increasing E’. Finally, an ultimate steady 




Figure 7.7 The variation of (a) normalized E’ and (b) resistance as a function of the time 
of employed current in K1.54MgTO hollandite sample; (c-e) a series of schematics to 
illustrate the potential electrochemical reactions happening in the overall galvanostatic 
measurements. 
 
A constant ~10 mA direct current (DC) was applied to the sintered pellet 
K1.54MgTO with gold electrodes at room temperature for 10 h to study if the distribution 
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of K ions will be affected. Before employment of the DC, the concentration of K ion is 
homogeneous across the sample. The SEM images of the sample after the test are given in 
Figure 7.8. The EDS compositions were measured based on the selected representative 
points over the sample cross-section in Figure 7.8. The measured points distributed in three 
zones which started from one end of the electrode/sample interface and finished at the end 
of the other electrode/sample interface. The ratio of Mg/K was used to demonstrate the K 
ion distribution because Mg ions are chemically stable and should not reacted under the 
DC effect. Before the employment of the DC, the ratio of Mg/K was close to 0.5. After 10 
h DC effect, Figure 7.9 (a) shows the averaged ratio of Mg/K in the three different zones 
but having identical X position. Although the averaged Mg/K is not very different from 
one side (i.e., x = 0) to the other side (i.e., x = 65), but both K deficient (Mg/K > 0.5) and 
K excess (Mg/K < 0.5) sites are present in the middle region of the cross-section (e.g., 10 
≤ x ≤ 55). This indicates that some K cations move along the X axis which is vertical to 
the two electrode/sample interfaces. Moreover, the K concentrations in the separate Y 
zones with the fixed X position are distinguishable as shown in Figure 7.9 (b), suggesting 
that some K ions also transported along the direction parallel to the electrode/sample 
interfaces. This phenomenon might be reasonable because the tested hollandite sample is 
polycrystalline containing various crystal orientation. More significant Mg/K 
concentration gradient vertical to the two electrode/sample interfaces could be observed if 
a single crystal is measured. The K ion transport analyzed in this work is also supported by 





Figure 7.8 SEM images of the cross-section of K1.54MgTO sample. Multiples pointed 
selected for EDS analysis located in three zones across the entire sample cross-section. 
 
 
Figure 7.9 (a) The averaged EDS analyzed Mg/K ratio of three Y zones having the same 
X position, (b) the EDS analyzed Mg/K ratio in the Y1, Y2, and Y3 zones. 
 
7.3.4 The compositional effect of B-site on the electrical property of K hollandite 
As discussed in previous sections, the unique tunnel structure of hollandite-type 
materials provides a conduction pathway for the A-site cations to become potential fast-
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ionic conductors. In addition to that, the hollandite class also has been considered to be 
used as electrode materials in battery systems because the tunnel feature could enable the 
intercalation/deintercalation of small cations, such as Li+, Na+, and Mg2+ [67,69,79]. In 
general, a qualified battery electrode material needs to have at least fair electronic 
conductivity at room temperature [167]. However, none of the hollandite materials studied 
in the prior sections of this dissertation exhibited such electronic conductivity. Therefore, 
a strategy that tuning the B-site compositions was proposed to study their effects on the 
electrical property of hollandite-type materials. 
Two K hollandite samples with different B-site compositions were synthesized to 
compare with the previously discussed K1.54Mg0.77Ti7.23O16 (K1.54MgTO). They were 
KxTi8O16-δ and KxMn8O16-δ. For simplicity, the three samples were denoted as KTO and 
KMnO, respectively. KTO [168] was aimed for anode materials due to the TiO6 
framework, while KMnO [169] was designed for cathode materials because of the MnO6 
framework [170].  
Figure 7.10 (a) shows the XRD patterns of KMnO and KTO suggesting that pure 
tetragonal hollandite phases have been successfully obtained for both samples. The XRD 
pattern of K1.54MgTO can be found in Figure 7.5 (a) which confirmed that single-phase 
tetragonal hollandite structure was formed. Figure 7.10 (b) display the EIS spectra of the 
three hollandite sample pellets at ambient atmosphere. A full depressed semicircle has been 
observed in KMnO and KTO, whereas a depressed semicircle followed by an inclined 
spike at low-frequency region has been found in K1.54MgTO. The different spectra indicate 
that the total conductivity of KMnO and KTO is dominated by electron conduction, while 
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the total conductivity of K1.54MgTO is due to pure ionic conduction. The origin of the 
electron-conductive pathway might be attributed to multivalent B-site dopants Mn3+/4+ and 
Ti3+/4+ both of which have unoccupied electron orbital. In contrast, the valence state of the 
B-site dopant Mg2+ in K1.54MgTO is unlikely to be changed, so only ionic conductivity is 
exhibited. Moreover, the intercept of the semicircle with the Z’ axis reveals that the ionic 
conductivity of K1.54MgTO is much smaller than the electronic conductivity of KMnO and 
KTO. Although both KMnO and KTO exhibit relatively high electronic conductivity, the 
conductivity of KTO is almost seven times higher that of KMnO. 
Above all, different types of B-site dopants not only could affect the level of 
conductivity but also alter the conduction mechanism. Therefore, different candidates 
could be considered depending on different applications. For example, transition metal 
elements could be selected for electrode materials, while the elements having only valence 
state might be good choices for ionic conductors. 
 
 
Figure 7.10 (a) The XRD patterns of KMnO and KTO; (b) the EIS spectra of K1.54MgTO, 
KMnO, and KTO at ambient atmosphere. 
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7.3.5 The effect of A-site occupancy on the electrical property of KxGaxTi8-xO16 hollandite 
Based on the results of previous sections, a series of KxGaxTi8-xO16 samples was 
synthesized to further study the electrical and thermodynamics properties. The Ka-Ga-T-
O hollandite system was chosen because this system was expected to exhibit tetragonal 
symmetry which would enhance total conductivity. Moreover, the tunnel K cations could 
exhibit relatively higher conductivity than Na and Cs cations, and Ga3+ would not introduce 
potential electronic leakage. In this section, the effect of A-site occupancy on the 
conductivity, activation energy and enthalpy of formation will be investigated. In the 
following text, the series of KxGaxTi8-xO16 samples will be named based upon their 
compositions and A-site occupancy. For example, K1.45Ga1.45Ti6.55O16 and 
K1.60Ga1.60Ti6.40O16 are named as K1.45GaTO and K1.60GaTO, respectively. The A-site 
occupancy range 1.45 ≤ x ≤ 1.65 was selected. Higher occupancy was not chosen because 
it might significantly decrease ion conductivity [64], while lower occupancy (e.g., x = 1.20 




Figure 7.11 The XRD patterns of K1.20GaTO and K1.33GaTO. The asterisk * labels the 
TiO2 rutile as the secondary phase. 
 
Figure 7.12 shows the XRD patterns of KxGaxTi8-xO16 (1.45 ≤ x ≤ 1.65) indicating 
that single-phase tetragonal hollandite phases have been formed for all compositions. The 
EDS analyzed compositions of these samples KxGaxTi8-xO16 (1.45 ≤ x ≤ 1.65) are given in 
Table 7.2. Figure 7.13 (a) and (c) show the SEM images of K1.45GaTO and K1.60GaTO, 
respectively. Figure 7.13 (b) and (c) display representative X-ray energy distribution maps 
of K1.45GaTO and K1.60GaTO, respectively. According to the elemental results, almost all 





Figure 7.12 The XRD patterns of the KxGaxTi8-xO16 hollandite series. 
 
Table 7.2 Target composition, EDS composition, and K retention of the KxGaxTi8-xO16 
hollandite series. 
Sample Target composition EDS composition K retention (%) 
K1.45GaTO K1.45Ga1.45Ti6.55O16 K1.45Ga1.45Ti6.55O16 100 ± 2 
K1.50GaTO K1.50Ga1.50Ti6.50O16 K1.49Ga1.50Ti6.50O16 99 ± 2 
K1.54GaTO K1.54Ga1.54Ti6.46O16 K1.49Ga1.56Ti6.46O16 97 ± 1 
K1.60GaTO K1.60Ga1.60Ti6.40O16 K1.55Ga1.62Ti6.40O16 97 ± 1 




Figure 7.13 SEM images of K1.45GaTO (a) and K1.60GaTO (c); representative X-ray 
energy distribution maps of K1.45GaTO (b) and K1.60GaTO (d). 
 
Theoretical density (ρt) and real density (ρr) of the sintered pellets were determined 
in order to evaluate the densification. ρt was calculated by using the XRD results, while ρr 
was determined by geometric measurements. The densification was defined by the ratio of 
real density to theoretical density multiplied by one hundred percent (ρr/ρt ×100%). Related 
information is given in Table 7.3. In general, the densification of each composition is 
higher than 90% indicating that dense sample pellets have been fabricated. However, the 
densification decreases as K content increases. 
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Table 7.3 Theoretical density (ρt), real density (ρr), and densification (ρr/ρt) of the KxGaxTi8-
xO16 hollandite samples. 
Sample 
Theoretical density ρt 
 (g/cm3) 
Real density ρr 
(g/cm3) 
Densification ρr/ρt × 100% 
(%) 
K1.45GaTO 3.94 3.81 96.9 
K1.54GaTO 4.00 3.73 93.4 
K1.60GaTO 4.01 3.70 92.1 
K1.65GaTO 4.03 3.67 91.1 
 
Figure 7.14 (a) shows the total conductivity of the measured hollandite samples at 
different temperatures. The total conductivity increases with increased K content at first 
and highest value is achieved for K1.54GaTO. When K content is further increased, the total 
conductivity will drop significantly. The highest conductivity K1.54GaTO might be 
attributed to the optimal combination of the concentration of both charge carriers (i.e., K 
cations) and vacant sites [171,172]. Comparing to K1.54GaTO, the relatively low K content 
probably results in lower conductivity in K1.45GaTO. In contrast, K1.60GaTO and 
K1.65GaTO have higher K content but the smaller number of adjacent vacant sites available 
for K transport decrease the total conductivity. The activation energy (Ea) of the measured 
samples determined from Figure 7.14 (a) can be found in Figure 7.14 (b). The values of Ea 
for the different K-Ga-Ti-O hollandite are in the range of 0.7-1.2 eV agreeing with the 
previously reported value for the polycrystalline K1.6Mg0.8Ti7.2O16 system [173]. Despite 
K content-dependent Ea, any value is much smaller than the Ea value (i.e., 1.62 eV) for the 
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Cs-Ga-Ti-O hollandite (i.e., Cs1.33Ga1.33Ti6.67O16, HG1.33). In contrast, the Ea of oxygen 
ion conduction in Ga-doped ceria is typically between 0.55 and 1.3 eV [174–176], while 
the Ea of electron conduction ranges from 0.4 to 0.52 eV [177].  
 
    
Figure 7.14 (a) Natural logarithm of total conductivity versus 1000/T (K-1) and (b) 
enthalpy of formation and activation energy versus A-site occupancy for measured 
KxGaxTi8-xO16 hollandite samples. 
 
According to the prior studies [178], the anomaly that K1.54GaTO exhibiting the 
maximum ionic conductivity has the unexpected largest value of Ea might be explained 
from the perspective of thermodynamics, such as enthalpy of formation ∆Hf,ox. Therefore, 
high-temperature oxide melt solution calorimetry was performed on the KxGaxTi8-xO16 
hollandite series. The values of ΔHds for the samples KxGaxTi8-xO16 (1.45 ≤ x ≤ 1.65) 
hollandite samples measured in the molten sodium molybdate (3Na2O·4MoO3) solvent at 
702 °C are given in Table 7.4. The values of ΔHds and ΔHf,el for the constituent oxides of 
the Fe-substituted hollandite samples are given in Table 7.5 [83,88,142–144]. Therefore, 
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the values of ΔHf,ox and ΔHf,el of all hollandite samples can be calculated and further 
reported in Table 7.4 by using the methodology described in Chapter 3. As shown in Figure 
7.14 (b), the values of ΔHf,ox for all samples are strongly exothermic, while the values of 
ΔHf,ox become more exothermic with increased A-site occupancy. These results suggest 
that all KxGaxTi8-xO16 samples are more energetically stable than their constituent oxides. 
More importantly, the energetic stability will be further improved as the A-site occupancy 
is increased, agreeing with the prior XRD results that secondary phases are likely present 
in the compositions with lower A-site occupancy. The higher stability might be attributed 
to increasing basic character with more K cations occupied in the tunnels, because the 
tolerance factors, RB/RA, and symmetry are almost unchanged across the entire 
compositional range. 
However, a conclusive correlation between the energetic stability and Ea of the 
KxGaxTi8-xO16 hollandite system cannot be established based on the current results of 
electrical measurements. Typically, Ea would be larger for the material with higher 
stability. On the contrary, the most stable composition (i.e., K1.65GaTO) has the smallest 
Ea. In addition, the composition with the largest Ea (i.e., K1.54GaTO) is also not the least 
stable one. To better understand underlying relationship between Ea and energetic stability, 




Table 7.4 Measured mean ΔHds of the KxGaxTi8-xO16 hollandite samples and enthalpies of 
formation from the constituent oxides and the elements at 25 °C. Uncertainty is two 
standard deviation of the mean and the value in parentheses is the number of experiments. 
Sample ΔHds (kJ/mol) ΔHf,ox (kJ/mol) ΔHf,el (kJ/mol) 
K1.45GaTO 453.25 ± 6.65 (8) −191.13 ± 7.53 −7432.14 ± 7.96 
K1.50GaTO 469.01 ± 5.95 (8) −213.03 ± 6.91 −7441.30 ± 7.38 
K1.60GaTO 481.11 ± 5.50 (8) −232.95 ± 6.53 −7442.97 ± 7.02 
K1.65GaTO 492.57 ± 4.59 (8) −255.97 ± 5.78 −7453.25 ± 6.33 
 
Table 7.5 The values of ΔHds in sodium molybdate solvent at 702 °C and enthalpies of 
formation from the elements (ΔHf,el) at 25 °C of the constituent binary oxides of the 
KxGaxTi8-xO16 hollandite samples. The values in brackets are the reference numbers. 
Oxide ΔHds (kJ/mol) ΔHf,el (kJ/mol) 
K2O −318.0 ± 3.1 [83] − 363.17 ± 2.10  [143] 
Ga2O3 130.16 ± 1.66 [142] −1089.1 [144] 
TiO2 60.81 ± 0.11 [88] −944.0 ± 0.8 [143] 
 
7.4 Summary 
 The total conductivity of Cs1.33Fe1.33Ti6.67O16 (HF1.33) is much higher than that of 
Cs1.33Ga1.33Ti6.67O16 (HG1.33) due to the electronic conductivity. 
 For Na, K, and Cs hollandite systems, the conductivity is significantly affected by 
the crystal structure (or symmetry) and the nature (e.g., ionic raii and mass) of A-
site tunnel cations. 
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 The transport of A-site cations (i.e., K cations) in the tunnels has confirmed by 
galvanostatic measurements. 
 High electronic conductivity could be introduced if the elements with multivalences 
are substituted on the B-site of hollandite-type materials. 
 The effect of A-site occupancy on the electrical property of KxGaxTi8-xO16 
hollandite samples has been investigated and the sample with ~75% occupancy 
exhibits the highest total ionic conductivity. 
 The energetic stability of the KxGaxTi8-xO16 hollandite series is improved as 









The strategy that tuning A-site and B-site dopants could significantly impact 
various properties and performance of hollandite-type materials further directing materials 
design for different applications. 
For the (Ba,Cs)x(B,Ti)8O16 hollandite waste forms, Cs leaching rate will be greatly 
improved when more Cs cations are substituted for Ba cations on A-sites. As Cs content is 
increased, the unit cell will be expanded to incorporate larger Cs cations resulting in the 
distorted monoclinic symmetry in some hollandites transforming to tetragonal symmetry. 
Moreover, higher Cs content introduces more basicity, enhance the tolerance factor, and 
release the distortion in B-site framework, which act synergistically and lead to a more 
energetic favorable hollandite-forming state that is indicated by the value of enthalpy of 
formation. The increased thermodynamic stability in high Cs-containing hollandite 
compounds is also manifested from the perspectives of improved Cs retention and Cs 
release. 
The effect of B-site dopants on radiation stability of (Ba,Cs)x(B,Ti)8O16 hollandite 
waste forms is more profound comparing to its impact on crystallography and 
thermodynamics. Distinguishable radiation response over different length-scales were 
found in the hollandite samples with varying B-site dopants. In the long-range ordering, 
Ga-substituted Cs1.33Ga1.33Ti6.67O16 (HG1.33) exhibited higher amorphization resistance 
than Fe-substituted Cs1.33Fe1.33Ti6.67O16 (HF1.33) and Zn-substituted Cs1.33Zn0.67Ti7.33O16 
(HZ1.33). The improved resistance might be benefited from a very slight increase of the 
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tolerance factor (e.g., less than 1%) which could indicate the structural stability of a 
hollandite structure [149]. Moreover, HG1.33 prioritized to maintains the integrity of 
tunnel feature in the short-range ordering, while either the symmetry of (BO6) octahedra or 
the symmetry of B-B sublattice was expensed in HF1.33 and HZ1.33. In fact, the distinct 
radiation responses arise from the structural feature in the constituent binary oxide form of 
respective B-site dopants in the parent hollandite (e.g., Ga2O3, Fe2O3 and ZnO). HG1.33 
possesses the optimal radiation stability because Ga2O3 is the most chemically suitable to 
maintain layering schemes at the atomic scale, which is supported from the perspective of 
enthalpies of damage. Specifically, HG1.33 has the smallest damage enthalpy whereas 
HZ1.33 has the largest damage enthalpy. 
The conduction mechanism of (Ba,Cs)x(B,Ti)8O16 hollandite (i.e., HG1.33 and 
HF1.33) could be altered by B-site dopants as well. Based on the results of electrical 
measurements, the total conductivity of HF1.33 is at least two orders of magnitudes higher 
than that of HG1.33, while the activation energy of HF1.33 is about one half of that of 
HG1.33. Higher conductivity and smaller activation energy exhibited in HF1.33 are 
attributed to the contribution of electronic conductivity, which might be introduced by the 
Fe dopants. 
Lower ionic conductivity is preferred for waste forms, while higher ionic 
conductivity is required for ion conductors. Therefore, a series of hollandite-type materials 
with different tunnel cations (e.g., Na+, K+, and Cs+) were studied to establish some 
correlations between the same structured materials aiming at the opposite applications. 
Counterintuitively, the conductivity of the smallest and lightest Na cations in 
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Na1.54Mg0.77Ti7.23O16 (Na1.54MgTO) is much lower than the conductivity of the 
intermediate sized and weighted K cations in K1.54Mg0.77Ti7.23O16 (K1.54MgTO), although 
the conductivity of the largest and heaviest Cs cations in Cs1.54Mg0.77Ti7.23O16 
(Cs1.54MgTO) is the lowest among the three hollandite samples. These unexpected resulted 
might be attributed to different symmetries. Tetragonal symmetry in K1.54MgTO provides 
more space for K cations facilitating their motion along the tunnels, however monoclinic 
symmetry in Na1.54MgTO distorts the cross-section of the tunnels restricting the transport 
of Na cations. These results indicate that the symmetry plays a significant role in the 
conductivity of tunnel cations. Moreover, the effect of the nature of the mobile tunnel 
cations on conductivity has been confirmed as well. Sharing the identical tetragonal 
symmetry, the conductivity of Na0.29Cs1.25Mg0.77Ti7.23O16 (Na0.29Cs1.25MgTiO) is higher 
than that of Cs1.54MgTO suggesting that the smaller and lighter tunnel cations would 
exhibit higher conductivity when the symmetry is improved. 
As discussed in (Ba,Cs)x(B,Ti)8O16 hollandite waste forms, the B-site dopants have 
to be accordingly selected based on the targeted application. For example, transition metals 
should be avoided using on the B-site of hollandite-type ion conductors as potential 
electronic leakage would be introduced. However, transition metals (e.g., Mn3+/4+, Ti3+, and 
Fe3+) would become promising candidates for B-site substitution if the hollandite-type 
materials are designed for electrodes which need high electronic conductivity. 
Furthermore, the electrical measurements of the KxGaxTi8-xO16 hollandite system 
revealed that appropriate A-site occupancy, that is K content, will contribute to the highest 
total conductivity. Specifically, K1.54Ga1.54Ti6.46O16 (K1.54GaTO) with the intermediate A-
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site occupancy exhibited the highest conductivity, which is benefited from the optimal 
combination of the concentration of both charge carriers and vacant sites [171,172]. In 
addition, the obtained value of activation energy for any composition in this K-Ga-Ti-O 
hollandite series was much smaller than that for the Cs-Ga-Ti-O hollandite (i.e., 
Cs1.33Ga1.33Ti6.67O16, HG1.33) further confirming that the mobility of the K cation is higher 
than that of the Cs cation. 
In summary, the property and performance of hollandite-type materials are 
significantly affected by the compositions on A-sites and B-sites. Hollandite waste forms 
with higher Cs content has higher thermodynamic stability and Cs leaching resistance, 
whereas K and Na hollandite showing higher ionic conductivity than Cs hollandite could 
be designed for ionic conductors due to smaller ionic radii and mass. Tetragonal symmetry 
is preferred for both applications of waste forms and ionic conductors, and it could be 
achieved from the monoclinic symmetry by tuning the compositions on A-sites and B-sites. 
Moreover, radiation stability is also highly influenced by B-site dopants. However, the use 
of transition metal as B-site dopants should be cautious as it might introduce electronic 










 Not only an expansion of the unit cell but also a monoclinic-to-tetragonal phase 
transformation could be induced by increased Cs substitution in hollandite-type 
materials 
 Higher Cs-containing hollandite composition exhibits better energetic stability, 
which might be attributed to tetragonal symmetry, smaller RB/RA, larger tolerance 
factor and optical basicity 
 The most concerned Cs release in hollandite waste forms could be significantly 
improved by increasing Cs content due to higher energetic stability and the elution 
studies of radioactive 137Cs further supported the leaching results 
 Distinguishable radiation stability, determined by high-temperature oxide melt 
solution calorimetry, is originated from the structural feature of the constituent 
binary oxide form of the B-site substitution (e.g., Ga2O3, Fe2O3 and ZnO); the Ga-
substituted hollandite exhibited superior radiation stability comparing to the Fe-and 
Zn-substituted samples 
 Combined DSC and structural analysis indicated that the mechanism of structural 
recovery via thermal annealing is complex and decoupled at different length-scales. 
Specifically, a two-step recovery might occur in the local structure however the 
long-range ordering was not recovered 
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 For Na, K, and Cs hollandite systems, total conductivity is significantly affected by 
the crystal structure and the nature of the A-site tunnel cations. For instance, 
tetragonal K hollandite exhibited the highest ionic conductivity. 
 The transport of tunnel cations (i.e., K cations) under the DC effect has been 
confirmed by galvanostatic measurements and elemental analysis. 
 Serious electronic conductivity might be introduced if transition metals or 
multivalent elements are doped on the B-site of hollandite-type materials. 
 The effect of A-site occupancy on the electrical property of KxGaxTi8-xO16 
hollandite has been investigated and the sample with ~75% occupancy exhibited 





[1] L.L. Fermor. Manganese in India. Transactions of the Mining and Geological 
Institute of India 1906;1:69–136. 
[2] Gruner JW. The chemical relationship of cryptomelane (psilomelane), hollandite, 
and coronadite. American Mineralogist 1943;28:497–506. 
[3] Richmond WE, Fleischer M. Cryptomelane, a new name for the commonest of 
the “psilomelane” minerals. American Mineralogist 1942;27:607–10. 
[4] Cole WF, Wadsley AD, Walkley A. An X‐Ray diffraction study of manganese 
dioxide. Transactions of the Electrochemical Society 1947;92:133. 
https://doi.org/10.1149/1.3071811. 
[5] Byström A, Byström AM. The crystal structure of hollandite, the related 
manganese oxide minerals, and α-MnO2. Acta Crystallographica 1950;3:146–54. 
https://doi.org/10.1107/S0365110X5000032X. 
[6] Bayer G, Hoffman W. Complex alkali titanium oxides Ax(ByTi8−y)O16 of the α-
MnO2 structure-type. American Mineralogist 1966;51:511–6. 
[7] Norrish K. Priderite, a new mineral from the leucite-lamproites of the west 
Kimberley area, Western Australia. Mineralogical Magazine 1951;29:496–501. 
[8] Dryden JS, Wadsley AD. The structure and dielectric properties of compounds 
with the formula BAx(Ti8–xMgx)O16. Transactions of the Faraday Society 1958;54:1574–
80. 
 140 
[9] Bayer G, Hoffmann W. Über Verbindungen vom NaxTiO2-Typ. Zeitschrift Für 
Kristallographie 1965;121:9–13. https://doi.org/10.1524/zkri.1965.121.1.9. 
[10] Ringwood AE. Safe disposal of high level nuclear reactor wastes: a new strategy. 
Australian National University Press; 1978. 
[11] Ringwood AE, Kesson SE, Ware NG, Hibberson W, Major A. Immobilisation of 
high level nuclear reactor wastes in SYNROC. Nature 1979;278:219–23. 
https://doi.org/10.1038/278219a0. 
[12] Ringwood AE, Kesson SE, Ware NG, Hibberson WO, Major A. The SYNROC 
process: A geochemical approach to nuclear waste immobilization. Geochemical Journal 
1979;13:141–65. https://doi.org/10.2343/geochemj.13.141. 
[13] Ringwood A, Kesson S, Ware N, Hibberson W, Major A. Safe immobilization of 
high-level nuclear reactor wastes. Scientific advances and community risk, 1979. 
[14] Jantzen CM. Historical development of glass and ceramic waste forms for high 
level radioactive wastes. Handbook of Advanced Radioactive Waste Conditioning 
Technologies, Elsevier; 2011, p. 159–72. 
[15] AC00544334 A. Design and operation of high level waste vitrification and 
storage facilities. International Atomic Energy Agency; 1992. 
[16] Kesson SE, White TJ, Ringwood AE. [BaxCsy][(Ti, Al)3+2x + yTi4+8-2x-y]O16 
Synroc-type hollandites I. Phase chemistry. Proceedings of the Royal Society of London 
 141 
A Mathematical and Physical Sciences 1986;405:73–101. 
https://doi.org/10.1098/rspa.1986.0042. 
[17] Aubin V, Caurant D, Gourier D, Baffier N, Advocat T, Bart F, et al. Synthesis, 
Characterization and Study of the Radiation Effects on Hollandite Ceramics Developed 
for Cesium Immobilization. MRS Proceedings 2003;807:315. 
https://doi.org/10.1557/PROC-807-315. 
[18] Carter ML, Vance ER, Li H. Hollandite-rich Ceramic Melts for the 
Immobilisation of Cs. MRS Proceedings 2003;807:249. https://doi.org/10.1557/PROC-
807-249. 
[19] Hyatt NC, Stennett MC, Fiddy SG, Wellings JS, Dutton SS, Maddrell ER, et al. 
Synthesis and characterisation of transition metal substituted barium hollandite ceramics. 
MRS Proceedings 2006;932:60.1. https://doi.org/10.1557/PROC-932-60.1. 
[20] Leinekugel-le-Cocq AY, Deniard P, Jobic S, Cerny R, Bart F, Emerich H. 
Synthesis and characterization of hollandite-type material intended for the specific 
containment of radioactive cesium. Journal of Solid State Chemistry 2006;179:3196–208. 
https://doi.org/10.1016/j.jssc.2006.05.047. 
[21] Aubin-Chevaldonnet V, Caurant D, Dannoux A, Gourier D, Charpentier T, 
Mazerolles L, et al. Preparation and characterization of (Ba,Cs)(M,Ti)8O16 (M = Al3+, 
Fe3+, Ga3+, Cr3+, Sc3+, Mg2+) hollandite ceramics developed for radioactive cesium 
immobilization. Journal of Nuclear Materials 2007;366:137–60. 
https://doi.org/10.1016/j.jnucmat.2006.12.051. 
 142 
[22] Carter ML, Stewart MWA, Vance ER, Begg BD, Moricca S, Tripp J. HIPed 
tailored ceramic waste forms for the immobilization of Cs, Sr and Tc. United States 
2007:8. 
[23] Carter ML, Gillen AL, Olufson K, Vance ER. HIPed Tailored Hollandite Waste 
Forms for the Immobilization of Radioactive Cs and Sr. Journal of the American Ceramic 
Society 2009;92:1112–7. https://doi.org/10.1111/j.1551-2916.2009.03021.x. 
[24] Amoroso J, Marra J, Conradson SD, Tang M, Brinkman K. Melt processed single 
phase hollandite waste forms for nuclear waste immobilization: Ba1.0Cs0.3A2.3Ti5.7O16; A 
= Cr, Fe, Al. Journal of Alloys and Compounds 2014;584:590–9. 
https://doi.org/10.1016/j.jallcom.2013.09.087. 
[25] Xu H, Wu L, Zhu J, Navrotsky A. Synthesis, characterization and 
thermochemistry of Cs-, Rb- and Sr-substituted barium aluminium titanate hollandites. 
Journal of Nuclear Materials 2015;459:70–6. 
https://doi.org/10.1016/j.jnucmat.2015.01.014. 
[26] Amoroso JW, Marra J, Dandeneau CS, Brinkman K, Xu Y, Tang M, et al. Cold 
crucible induction melter test for crystalline ceramic waste form fabrication: A feasibility 
assessment. Journal of Nuclear Materials 2017;486:283–97. 
https://doi.org/10.1016/j.jnucmat.2017.01.028. 
[27] Post JE, Von Dreele RB, Buseck PR. Symmetry and cation displacements in 
hollandites: structure refinements of hollandite, cryptomelane and priderite. Acta 
 143 
Crystallographica Section B 1982;B38:1056–65. 
https://doi.org/10.1107/S0567740882004968. 
[28] Cheary RW, Kwiatkowska J. An X-ray structural analysis of cesium substitution 
in the barium hollandite phase of synroc. Journal of Nuclear Materials 1984;125:236–43. 
https://doi.org/10.1016/0022-3115(84)90549-X. 
[29] Cheary RW. An analysis of the structural characteristics of hollandite compounds. 
Acta Crystallographica Section B 1986;B42:229–36. 
https://doi.org/10.1107/S0108768186098294. 
[30] Miura H. The crystal structure of hollandite. Mineralogical Journal 1986;13:119–
29. https://doi.org/10.2465/minerj.13.119. 
[31] Cheary RW. A structural analysis of potassium, rubidium and caesium 
substitution in barium hollandite. Acta Crystallographica Section B 1987;B43:28–34. 
https://doi.org/10.1107/S0108768187098343. 
[32] Cheary RW, Squadrito R. A structural analysis of barium magnesium hollandites. 
Acta Crystallographica Section B 1989;B45:205–12. 
https://doi.org/10.1107/S0108768188014053. 
[33] Cheary RW. Caesium substitution in the titanate hollandites 
BaxCsy(Ti3+y+2xTi4+8−2x-y)O16 from 5 to 400 K. Acta Crystallographica Section B 
1991;B47:325–33. https://doi.org/10.1107/S0108768191000587. 
 144 
[34] Cheary RW, Squadrito R. Electron and X-ray diffraction from antiphase domains 
in the barium magnesium hollandite Ba1.33Mg1.33Ti6.67O16. Acta Crystallographica Section 
A 1992;A48:15–27. https://doi.org/10.1107/S0108767391008668. 
[35] Zhang J, Burnham CW. Hollandite-type phases: Geometric consideration of unit-
cell size and symmetry. American Mineralogist 1994;79:168–74. 
[36] Loezos JM, Vanderah TA, Drews AR. Barium hollandite-type compounds 
BaxFe2xTi8−2xO16 with x = 1.143 and 1.333. Powder Diffraction 1999;14:31–5. 
https://doi.org/10.1017/S0885715600010277. 
[37] Filimonov DS, Liu Z-K, Randall CA. An oxygen nonstoichiometry study of 
barium polytitanates with hollandite structure. Materials Research Bulletin 
2002;37:2373–82. https://doi.org/10.1016/S0025-5408(02)00853-X. 
[38] Whittle KR, Ashbrook SE, Redfern S a. T, Lumpkin GR, Attfield JP, Dove M, et 
al. Structural Studies of Hollandite-Based Radioactive Waste Forms. MRS Proceedings 
2003;807:339. https://doi.org/10.1557/PROC-807-339. 
[39] Carter ML. Tetragonal to monoclinic phase transformation at room temperature in 
BaxFe2xTi8−2xO16 hollandite due to increased Ba occupancy. Materials Research Bulletin 
2004;39:1075–81. https://doi.org/10.1016/j.materresbull.2004.02.018. 
[40] Xu H, Costa GCC, Stanek CR, Navrotsky A. Structural behavior of 
Ba1.24Al2.48Ti5.52O16 hollandite at high temperature: An in situ neutron diffraction study. 
 145 
Journal of the American Ceramic Society 2015;98:255–62. 
https://doi.org/10.1111/jace.13245. 
[41] Xu Y, Feygenson M, Page K, Nickles LS, Brinkman KS. Structural evolution in 
hollandite solid solutions across the a-site compositional range from Ba1.33Ga2.66Ti5.34O16 
to Cs1.33Ga1.33Ti6.67O16. Journal of the American Ceramic Society 2016;99:4100–6. 
https://doi.org/10.1111/jace.14443. 
[42] Grote R, Zhao M, Shuller-Nickles L, Amoroso J, Gong W, Lilova K, et al. 
Compositional control of tunnel features in hollandite-based ceramics: structure and 
stability of (Ba,Cs)1.33(Zn,Ti)8O16. J Mater Sci 2019;54:1112–25. 
https://doi.org/10.1007/s10853-018-2904-1. 
[43] Xu Y, Wen Y, Grote R, Amoroso J, Shuller Nickles L, Brinkman KS. A-site 
compositional effects in Ga-doped hollandite materials of the form BaxCsyGa2x+yTi 
8−2x−yO16: implications for Cs immobilization in crystalline ceramic waste forms. 
Scientific Reports 2016;6:27412. https://doi.org/10.1038/srep27412. 
[44] Zhao M, Xu Y, Shuller‐Nickles L, Amoroso J, Frenkel AI, Li Y, et al. 
Compositional control of radionuclide retention in hollandite-based ceramic waste forms 
for Cs-immobilization. Journal of the American Ceramic Society 2019;102:4314–24. 
https://doi.org/10.1111/jace.16258. 
[45] Zhao M, Russell P, Amoroso J, Misture S, Utlak S, Besmann T, et al. Exploring 
the links between crystal chemistry, cesium retention, thermochemistry and chemical 
 146 
durability in single-phase (Ba,Cs)1.33(Fe,Ti)8O16 hollandite. J Mater Sci 2020;55:6401–
16. https://doi.org/10.1007/s10853-020-04447-3. 
[46] Buykx WJ. Specific heat, thermal diffusivity and thermal conductivity of synroc, 
perovskite, zirconolite and barium hollandite. Journal of Nuclear Materials 1982;107:78–
82. https://doi.org/10.1016/0022-3115(82)90559-1. 
[47] Wu L, Schliesser J, Woodfield BF, Xu H, Navrotsky A. Heat capacities, standard 
entropies and Gibbs energies of Sr-, Rb- and Cs-substituted barium aluminotitanate 
hollandites. The Journal of Chemical Thermodynamics 2016;93:1–7. 
https://doi.org/10.1016/j.jct.2015.09.019. 
[48] Carter ML, Vance ER, Mitchell DRG, Hanna JV, Zhang Z, Loi E. Fabrication, 
characterization, and leach testing of hollandite, (Ba,Cs)(Al,Ti)2Ti6O16. Journal of 
Materials Research 2002;17:2578–89. https://doi.org/10.1557/JMR.2002.0374. 
[49] Angeli F, McGlinn P, Frugier P. Chemical durability of hollandite ceramic for 
conditioning cesium. Journal of Nuclear Materials 2008;380:59–69. 
https://doi.org/10.1016/j.jnucmat.2008.07.003. 
[50] Zhao M, Amoroso JW, Fenker KM, DiPrete DP, Misture S, Utlak S, et al. The 
effect of cesium content on the thermodynamic stability and chemical durability of 
(Ba,Cs)1.33(Al,Ti)8O16 hollandite. Journal of the American Ceramic Society 
2020;103:7310–21. https://doi.org/10.1111/jace.17422. 
 147 
[51] Barry JC, Hutchison JL, Segall RL. Ion-beam damage in hollandite. Journal of 
Materials Science 1983;18:1421–5. https://doi.org/10.1007/BF01111961. 
[52] Weber WJ. Effects of alpha irradiation on barium hollandite and nickel-iron 
spinel. MRS Proceedings 1984;44:671. https://doi.org/10.1557/PROC-44-671. 
[53] Ewing RC, Weber WJ, Clinard FW. Radiation effects in nuclear waste forms for 
high-level radioactive waste. Progress in Nuclear Energy 1995;29:63–127. 
https://doi.org/10.1016/0149-1970(94)00016-Y. 
[54] Aubin-Chevaldonnet V, Gourier D, Caurant D, Esnouf S, Charpentier T, 
Costantini JM. Paramagnetic defects induced by electron irradiation in barium hollandite 
ceramics for caesium storage. J Phys: Condens Matter 2006;18:4007–27. 
https://doi.org/10.1088/0953-8984/18/16/009. 
[55] Abdelouas A, Utsunomiya S, Suzuki T, Grambow B, Advocat T, Bart F, et al. 
Effects of ionizing radiation on the hollandite structure-type: 
Ba0.85Cs0.26Al1.35Fe0.77Ti5.90O16. American Mineralogist 2008;93:241–7. 
https://doi.org/10.2138/am.2008.2563. 
[56] Aubin-Chevaldonnet V, Caurant D, Gourier D, Charpentier T, Esnouf S. Synthèse 
et stabilité sous irradiation électronique d’une céramique Ba1,16Al2,32Ti5,68O16 de structure 
hollandite envisagée pour le confinement de césium radioactif. Comptes Rendus Chimie 
2009;12:1079–92. https://doi.org/10.1016/j.crci.2008.09.011. 
 148 
[57] Aubin-Chevaldonnet V, Gourier D, Caurant D, Costantini J-M. Transformation 
and clustering of defects induced by electron irradiation in barium hollandite ceramics for 
radioactive cesium storage: Electron paramagnetic resonance study. Journal of Applied 
Physics 2012;111:083504. https://doi.org/10.1063/1.3702892. 
[58] Tang M, Tumurugoti P, Clark B, Sundaram SK, Amoroso J, Marra J, et al. Heavy 
ion irradiations on synthetic hollandite-type materials: Ba1.0Cs0.3A2.3Ti5.7O16 (A = Cr, Fe, 
Al). Journal of Solid State Chemistry 2016;239:58–63. 
https://doi.org/10.1016/j.jssc.2016.04.014. 
[59] Clark BM, Tumurgoti P, Sundaram SK, Amoroso JW, Marra JC, Shutthanandan 
V, et al. Radiation damage of hollandite in multiphase ceramic waste forms. Journal of 
Nuclear Materials 2017;494:61–6. https://doi.org/10.1016/j.jnucmat.2017.07.013. 
[60] Zhao M, O’Quinn E, Birkner N, Xu Y, Lang M, Brinkman K. Radiation damage 
and thermal annealing in tunnel structured hollandite materials. Acta Materialia 
2021;206:116598. https://doi.org/10.1016/j.actamat.2020.116598. 
[61] Costa GCC, Xu H, Navrotsky A. Thermochemistry of barium hollandites. Journal 
of the American Ceramic Society 2013;96:1554–61. https://doi.org/10.1111/jace.12224. 
[62] Tumurugoti P, Betal S, Sundaram SK. Hollandites’ crystal chemistry, properties, 
and processing: a review. International Materials Reviews 2021;66:141–59. 
https://doi.org/10.1080/09506608.2020.1743592. 
 149 
[63] Singer J, Kautz HE, Fielder WL, Fordyce JS. Selection and preliminary 
evaluation of three structures as potential solid conductors of alkali ions: Two 
hollandites, a titanate, and a tungstate. Contract 1973;502:05. 
[64] Takahashi T, Kuwabara K. Ionic conductivities of hollandites. Electrochimica 
Acta 1978;23:375–9. https://doi.org/10.1016/0013-4686(78)80077-2. 
[65] Yoshikado S, Ohachi T, Taniguchi I, Onoda Y, Watanabe M, Fujiki Y. ac ionic 
conductivity of hollandite type compounds from 100 Hz to 37.0 GHz. Solid State Ionics 
1982;7:335–44. https://doi.org/10.1016/0167-2738(82)90033-9. 
[66] Barbato S, Gautier JL. Hollandite cathodes for lithium ion batteries. 2. 
Thermodynamic and kinetics studies of lithium insertion into BaMMn7O16 (M = Mg, Mn, 
Fe, Ni). Electrochimica Acta 2001;46:2767–76. https://doi.org/10.1016/S0013-
4686(01)00506-0. 
[67] Huang J, Poyraz AS, Takeuchi KJ, Takeuchi ES, Marschilok AC. MxMn8O16 (M 
= Ag or K) as promising cathode materials for secondary Mg based batteries: the role of 
the cation M. Chemical Communications 2016;52:4088–91. 
https://doi.org/10.1039/C6CC00025H. 
[68] Das B, Reddy MV, Rao GVS, Chowdari BVR. Nano-phase tin hollandites, 
K2(M2Sn6)O16 (M = Co, In) as anodes for Li-ion batteries. Journal of Material Chemistry 
2011;21:1171–80. https://doi.org/10.1039/C0JM02098B. 
 150 
[69] Huang J, Poyraz AS, Lee S-Y, Wu L, Zhu Y, Marschilok AC, et al. Silver-
Containing α-MnO2 Nanorods: Electrochemistry in Na-Based Battery Systems. ACS 
Applied Materials & Interfaces 2017;9:4333–42. https://doi.org/10.1021/acsami.6b08549. 
[70] Sun Y, Hu X, Zhang W, Yuan L, Huang Y. Large-scale synthesis of Ag1.8Mn8O16 
nanorods and their electrochemical lithium-storage properties. Journal of Nanoparticle 
Research 2011;13:3139–48. https://doi.org/10.1007/s11051-010-0209-7. 
[71] Sun W, Song Y, Gong X-Q, Cao L, Yang J. Hollandite structure Kx≈0.25IrO2 
catalyst with highly efficient oxygen evolution reaction. ACS Applied Materials & 
Interfaces 2016;8:820–6. https://doi.org/10.1021/acsami.5b10159. 
[72] Chen J, Tang X, Liu J, Zhan E, Li J, Huang X, et al. Synthesis and 
characterization of Ag−hollandite nanofibers and its catalytic application in ethanol 
oxidation. Chemistry of Materials 2007;19:4292–9. https://doi.org/10.1021/cm070904k. 
[73] Liu T, Li Q, Xin Y, Zhang Z, Tang X, Zheng L, et al. Quasi free K cations 
confined in hollandite-type tunnels for catalytic solid (catalyst)-solid (reactant) oxidation 
reactions. Applied Catalysis B: Environmental 2018;232:108–16. 
https://doi.org/10.1016/j.apcatb.2018.03.049. 
[74] Watanabe M, Mori T, Yamauchi S, Yamamura H. Catalytic property of the 
hollandite-type 1-D ion-conductors: Selective reduction of NOx. Solid State Ionics 
1995;79:376–81. https://doi.org/10.1016/0167-2738(95)00091-J. 
 151 
[75] Mori T, Takahashi M, Nakajima H, Fujimoto T, Watanabe M. Synthesis and 
photo-catalytic property of a hollandite-type compound (K2Ga2Sn6O16). Journal of the 
European Ceramic Society 2006;26:583–7. 
https://doi.org/10.1016/j.jeurceramsoc.2005.07.014. 
[76] Ishiwata S, Bos JWG, Huang Q, Cava RJ. Structure and magnetic properties of 
hollandite Ba1.2Mn8O16. Journal of Physics: Condensed Matter 2006;18:3745–52. 
https://doi.org/10.1088/0953-8984/18/15/019. 
[77] Larson AM, Moetakef P, Gaskell K, Brown CM, King G, Rodriguez EE. Inducing 
Ferrimagnetism in Insulating Hollandite Ba1.2Mn8O16. Chemistry of Materials 
2015;27:515–25. https://doi.org/10.1021/cm503801j. 
[78] Michiue Y, Sato A, Watanabe M. Low-temperature phase of sodium priderite, 
NaxCrxTi8–xO16, with a monoclinic hollandite structure. Journal of Solid State Chemistry 
1999;145:182–5. https://doi.org/10.1006/jssc.1999.8239. 
[79] Wu L, Xu F, Zhu Y, Brady AB, Huang J, Durham JL, et al. Structural defects of 
silver hollandite, AgxMn8Oy, nanorods: Dramatic impact on electrochemistry. ACS Nano 
2015;9:8430–9. https://doi.org/10.1021/acsnano.5b03274. 
[80] Navrotsky A. High-temperature oxide melt calorimetry of oxides and nitrides. 
The Journal of Chemical Thermodynamics 2001;33:859–71. 
https://doi.org/10.1006/jcht.2000.0772. 
 152 
[81] Navrotsky A. Progress and new directions in high temperature calorimetry. 
Physics and Chemistry of Minerals 1977;2:89–104. https://doi.org/10.1007/BF00307526. 
[82] Navrotsky A. New developments in the calorimetry of high-temperature 
materials. Engineering 2019;5. 
[83] Navrotsky A. Progress and new directions in calorimetry: A 2014 perspective. 
Journal of the American Ceramic Society 2014;97:3349–59. 
https://doi.org/10.1111/jace.13278. 
[84] Calvet E, Prat H. Recent progress in microcalorimetry. Oxford, UK: Pergamon 
Press; 1963. 
[85] Kleppa, O.J. Oxide melt solution calorimetry. Colloq Intern CNRS No 201-
Thermochimie 1972:119–27. 
[86] Navrotsky A. Progress and new directions in high temperature calorimetry 
revisited. Physics and Chemistry of Minerals 1997;24:222–41. 
https://doi.org/10.1007/s002690050035. 
[87] Kiseleva I, Navrotsky A, Belitsky IA, Fursenko BA. Thermochemistry and phase 
equilibria in calcium zeolites. American Mineralogist 1996;81:658–67. 
[88] Putnam RL, Navrotsky A, Woodfield BF, Boerio-Goates J, Shapiro JL. 
Thermodynamics of formation for zirconolite (CaZrTi2O7) from T = 298.15 K to T = 
1500 K. The Journal of Chemical Thermodynamics 1999;31:229–43. 
https://doi.org/10.1006/jcht.1998.0445. 
 153 
[89] McHale JM, Navrotsky A, Kowach GR, Disalvo FJ. Thermochemistry of metal 
nitrides in the Ca/Zn/N system. Chemistry – A European Journal 1996;2:1514–7. 
https://doi.org/10.1002/chem.19960021207. 
[90] Navrotsky A. Thermochemical studies of nitrides and oxynitrides by oxidative 
oxide melt calorimetry. Journal of Alloys and Compounds 2001;321:300–6. 
https://doi.org/10.1016/S0925-8388(01)00965-3. 
[91] Frankel GS, Vienna JD, Lian J, Scully JR, Gin S, Ryan JV, et al. A comparative 
review of the aqueous corrosion of glasses, crystalline ceramics, and metals. Npj 
Materials Degradation 2018;2:1–17. https://doi.org/10.1038/s41529-018-0037-2. 
[92] Reeve KD, Levins DM, Ramm EJ, Woolfrey JL, Buykx WJ. The development 
and testing of Synroc C as a high level nuclear waste form. MRS Proceedings 1981;6:99. 
https://doi.org/10.1557/PROC-6-99. 
[93] ASTM International. C1285-14 standard test methods for determining chemical 
durability of nuclear, hazardous, and mixed waste glasses and multiphase glass ceramics: 
The product consistency test (PCT). West Conshohocken, PA; ASTM International, 
2014. doi: https://doi.org/10.1520/C1285-14 
[94] Reeve KD, Levins DM, Ramm EJ, Woolfrey JL, Buykx WJ, Ryan RK, et al. 
Development and testing of SYNROC for high level radioactive waste fixation. 
Proceedings of the Symposium on Waste Management 1981;1:249–66. 
 154 
[95] Bibler NE, Jantzen CM. The product consistency test and its role in the waste 
acceptance process. Savannah River Site (SRS), Aiken, SC (United States). Savannah 
River National Lab. (SRNL); 1989. 
[96] Pham DK, Myhra S, Turner PS. The surface reactivity of hollandite in aqueous 
solution. Journal of Materials Research 1994;9:3174–82. 
https://doi.org/10.1557/JMR.1994.3174. 
[97] Luca V, Cassidy D, Drabarek E, Murray K, Moubaraki B. Cesium extraction from 
Cs0.8Ba0.4Ti8O16 hollandite nuclear waste form ceramics in nitric acid solutions. Journal 
of Materials Research 2005;20:1436–46. https://doi.org/10.1557/JMR.2005.0204. 
[98] Suzuki-Muresan T, Vandenborre J, Abdelouas A, Grambow B, Utsunomiya S. 
Studies of (Cs,Ba)-hollandite dissolution under gamma irradiation at 95 °C and at pH 2.5, 
4.4 and 8.6. Journal of Nuclear Materials 2011;419:281–90. 
https://doi.org/10.1016/j.jnucmat.2011.09.001. 
[99] Grote R, Hong T, Shuller-Nickles L, Amoroso J, Tang M, Brinkman KS. 
Radiation tolerant ceramics for nuclear waste immobilization: Structure and stability of 
cesium containing hollandite of the form (Ba,Cs)1.33(Zn,Ti)8O16 and 
(Ba,Cs)1.33(Ga,Ti)8O16. Journal of Nuclear Materials 2019;518:166–76. 
https://doi.org/10.1016/j.jnucmat.2019.03.005. 
[100] Weber WJ, Ewing RC, Catlow CRA, Rubia TD de la, Hobbs LW, Kinoshita C, et 
al. Radiation effects in crystalline ceramics for the immobilization of high-level nuclear 
 155 
waste and plutonium. Journal of Materials Research 1998;13:1434–84. 
https://doi.org/10.1557/JMR.1998.0205. 
[101] Matzke Hj. Radiation damage in crystalline insulators, oxides and ceramic nuclear 
fuels. Radiation Effects 1982;64:3–33. https://doi.org/10.1080/00337578208222984. 
[102] Woolfrey JL, Reeve KD, Cassidy DJ. Accelerated irradiation testing of SYNROC 
and its constituent minerals using fast neutrons. Journal of Nuclear Materials 1982;108–
109:739–47. https://doi.org/10.1016/0022-3115(82)90548-7. 
[103] I. Palomares R, Shamblin J, L. Tracy C, Neuefeind J, C. Ewing R, Trautmann C, 
et al. Defect accumulation in swift heavy ion-irradiated CeO2 and ThO2. Journal of 
Materials Chemistry A 2017;5:12193–201. https://doi.org/10.1039/C7TA02640D. 
[104] Lang M, O’Quinn EC, Shamblin J, Neuefeind J. Advanced experimental 
technique for radiation damage effects in nuclear waste forms: Neutron total scattering 
analysis. MRS Advances 2018;3:1735–47. https://doi.org/10.1557/adv.2018.199. 
[105] Chung C-K, Shamblin J, O’Quinn EC, Shelyug A, Gussev I, Lang M, et al. 
Thermodynamic and structural evolution of Dy2Ti2O7 pyrochlore after swift heavy ion 
irradiation. Acta Materialia 2018;145:227–34. 
https://doi.org/10.1016/j.actamat.2017.12.044. 
[106] Chung C-K, Lang M, Xu H, Navrotsky A. Thermodynamics of radiation induced 
amorphization and thermal annealing of Dy2Sn2O7 pyrochlore. Acta Materialia 
2018;155:386–92. https://doi.org/10.1016/j.actamat.2018.06.003. 
 156 
[107] Beyeler HU, Strässler S. Frequency-dependent conductivity of ions in blocked 
linear channels. Physical Review B 1981;24:2121–6. 
https://doi.org/10.1103/PhysRevB.24.2121. 
[108] Beyeler HU, Pietronero L, Strässler S. Configurational model for a one-
dimensional ionic conductor. Physical Review B 1980;22:2988–3000. 
https://doi.org/10.1103/PhysRevB.22.2988. 
[109] Bernasconi J, Beyeler HU, Strässler S, Alexander S. Anomalous Frequency-
Dependent Conductivity in Disordered One-Dimensional Systems. Physical Review 
Letters 1979;42:819–22. https://doi.org/10.1103/PhysRevLett.42.819. 
[110] Yoshikado S, Ohachi T, Taniguchi I, Onoda Y, Watanabe M, Fujiki Y. Ionic 
conduction in (K,Rb)-Al-priderites with hollandite structure. Solid State Ionics 1986;18–
19:507–13. https://doi.org/10.1016/0167-2738(86)90168-2. 
[111] Bhattacharya AK, Biswas RG, Mallick KK. Single-crystal Kx(ZnyTi8−y)O16 
priderites: growth and characterization. Journal of Materials Science 1996;31:6463–8. 
https://doi.org/10.1007/BF00356249. 
[112] Yoshikado S, Michiue Y, Onoda Y, Watanabe M. Ion conduction in single 
crystals of the hollandite-type one-dimensional superionic conductor NaxCrxTi8−xO16 (x = 
1.7). Solid State Ionics 2000;136–137:371–4. https://doi.org/10.1016/S0167-
2738(00)00455-0. 
 157 
[113] Cao C, Singh K, Kan WH, Avdeev M, Thangadurai V. Electrical properties of 
hollandite-type Ba1.33Ga2.67Ti5.33O16, K1.33Ga1.33Ti6.67O16, and K1.54Mg0.77Ti7.23O16. 
Inorganic Chemistry 2019;58:4782–91. https://doi.org/10.1021/acs.inorgchem.8b03152. 
[114] Feng T, Li L, Lv Z, Li B, Zhang Y, Li G. Temperature-dependent electrical 
transport behavior and structural evolution in hollandite-type titanium-based oxide. 
Journal of the American Ceramic Society 2019;102:6741–50. 
https://doi.org/10.1111/jace.16520. 
[115] Strobel P, Vicat J, Qui DT. Thermal and physical properties of hollandite-type 
K1.3Mn8O16 and (K,H3O)xMn8O16. Journal of Solid State Chemistry 1984;55:67–73. 
https://doi.org/10.1016/0022-4596(84)90248-2. 
[116] De Guzman RN, Awaluddin A, Shen Y-F, Tian ZR, Suib SL, Ching S, et al. 
Electrical resistivity measurements on manganese oxides with layer and tunnel structures: 
Birnessites, todorokites, and cryptomelanes. Chemistry of Materials 1995;7:1286–92. 
https://doi.org/10.1021/cm00055a003. 
[117] Huggins RA. Simple method to determine electronic and ionic components of the 
conductivity in mixed conductors a review. Ionics 2002;8:300–13. 
https://doi.org/10.1007/BF02376083. 
[118] Masó N, West AR. Electronic conductivity in yttria-stabilized zirconia under a 
small dc bias. Chemistry of Materials 2015;27:1552–8. 
https://doi.org/10.1021/cm503957x. 
 158 
[119] Ishii M, Fujiki Y, Ohsaka T. Raman scattering in one-dimensional ionic 
conductors Rb-priderites. Solid State Communications 1985;55:1123–6. 
https://doi.org/10.1016/0038-1098(85)90148-6. 
[120] Grote R. The effect of composition on the structure symmetry and stability of 
tunnel-structured hollandite ceramics for nuclear waste immobilization. All Dissertations 
2018. 
[121] Ziegler JF, Ziegler MD, Biersack JP. SRIM – The stopping and range of ions in 
matter (2010). Nuclear Instruments and Methods in Physics Research Section B: Beam 
Interactions with Materials and Atoms 2010;268:1818–23. 
https://doi.org/10.1016/j.nimb.2010.02.091. 
[122] SRIM, 2013, http://www.srim.org/. 
[123] Lang M, Zhang F, Zhang J, Tracy CL, Cusick AB, VonEhr J, et al. Swift heavy 
ion-induced phase transformation in Gd2O3. Nuclear Instruments and Methods in Physics 
Research Section B: Beam Interactions with Materials and Atoms 2014;326:121–5. 
https://doi.org/10.1016/j.nimb.2013.10.073. 
[124] Shamblin J, Tracy CL, Palomares RI, O’Quinn EC, Ewing RC, Neuefeind J, et al. 
Similar local order in disordered fluorite and aperiodic pyrochlore structures. Acta 
Materialia 2018;144:60–7. https://doi.org/10.1016/j.actamat.2017.10.044. 
[125] Bart F, Rabiller H, Leturcq G, Rigaud D. Leaching behavior of hollandite 
ceramics for cesium immobilization (INIS-FR--2981). France. 2004. 
 159 
[126] Fowler JR, Plodinec MJ. Projected compositions and radiogenic properties of 
DWPF glasses. High Level Radioactive Waste Management: Proceedings 1992;1:904-
910. 
[127] Plodinec MJ. Borosilicate glasses for nuclear waste imobilisation. Glass 
Technology 2000;41:186-92. 
[128] Wen Y, Xu Y, Brinkman KS, Shuller-Nickles L. Atomistic scale investigation of 
cation ordering and phase stability in Cs-substituted Ba1.33Zn1.33Ti6.67O16, 
Ba1.33Ga2.66Ti5.67O16 and Ba1.33Al2.66Ti5.33O16 hollandite. Scientific Reports 2018;8:5003. 
https://doi.org/10.1038/s41598-018-22982-7. 
[129] Bailey DJ, Stennett MC, Mason AR, Hyatt NC. Synthesis and characterisation of 
the hollandite solid solution Ba1.2-xCsxFe2.4-xTi5.6+xO16 for partitioning and conditioning of 
radiocaesium. Journal of Nuclear Materials 2018;503:164–70. 
https://doi.org/10.1016/j.jnucmat.2018.03.005. 
[130] Tumurugoti P, Sundaram SK, Misture ST. Cesium immobilization in (Ba,Cr)-
hollandites: Effects on structure. Journal of Solid State Chemistry 2018;258:72–8. 
https://doi.org/10.1016/j.jssc.2017.10.008. 
[131] Yang Y, Wang X, Luo S, Yang X, Ma J. Stability studies of 
[CsxBay][(Al3+,Ti3+)2y+xTi4+8-2y-x]O16 ceramics for radioactive caesium immobilization. 
Ceramics International 2019;45:7865–70. https://doi.org/10.1016/j.ceramint.2019.01.095. 
 160 
[132] Pring A, Smith DJ, Jefferson DA. Supercell ordering in a hollandite-type phase: 
Potassium magnesium antimony oxide. Journal of Solid State Chemistry 1983;46:373–
81. https://doi.org/10.1016/0022-4596(83)90164-0. 
[133] Shannon RD. Revised effective ionic radii and systematic studies of interatomic 
distances in halides and chalcogenides. Acta Crystallographica Section A 1976;A32:751–
67. https://doi.org/10.1107/S0567739476001551. 
[134] Ohsaka T, Fujiki Y. Raman spectra in hollandite type compounds 
K1.6Mg0.8Ti7.2O16 and K1.6Al1.6Ti6.4O16. Solid State Communications 1982;44:1325–7. 
https://doi.org/10.1016/0038-1098(82)91115-2. 
[135] Roy N, Park Y, Sohn Y, Leung KT, Pradhan D. Green synthesis of anatase TiO2 
nanocrystals with diverse shapes and their exposed facets-dependent photoredox activity. 
ACS Applied Materials & Interfaces 2014;6:16498–507. 
https://doi.org/10.1021/am504084p. 
[136] Porto SPS, Fleury PA, Damen TC. Raman spectra of TiO2, MgF2, ZnF2, FeF2, and 
MnF2. Physical Review 1967;154:522–6. https://doi.org/10.1103/PhysRev.154.522. 
[137] Shibata Y, Suemoto T, Ishigame M. Raman scattering studies of mobile ions in 
superionic conductor hollandites. Physica Status Solidi (b) 1986;134:71–9. 
https://doi.org/10.1002/pssb.2221340109. 
[138] S. Poyraz A, Huang J, J. Pelliccione C, Tong X, Cheng S, Wu L, et al. Synthesis 
of cryptomelane type α-MnO2 (KxMn8O16) cathode materials with tunable K+ content: the 
 161 
role of tunnel cation concentration on electrochemistry. Journal of Materials Chemistry A 
2017;5:16914–28. https://doi.org/10.1039/C7TA03476H. 
[139] Knyazev AV, Mączka M, Ladenkov IV, Bulanov EN, Ptak M. Crystal structure, 
spectroscopy, and thermal expansion of compounds in MI2O–Al2O3–TiO2 system. Journal 
of Solid State Chemistry 2012;196:110–8. https://doi.org/10.1016/j.jssc.2012.05.043. 
[140] Ushakov SV, Cheng J, Navrotsky A, Wu JR, Haile SM. Formation enthalpies of 
tetravalent lanthanide perovskites by high temperature oxide melt solution calorimetry. 
MRS Proceedings 2002;718. 
[141] Ushakov SV, Navrotsky A, Farmer JM, Boatner LA. Thermochemistry of the 
alkali rare-earth double phosphates, A3RE(PO4)2. Journal of Materials Research 
2004;19:2165–75. 
[142] Cheng J, Navrotsky A. Enthalpies of formation of LaBO3 perovskites (B = Al, 
Ga, Sc, and In). Journal of Materials Research 2003;18:2501–8. 
https://doi.org/10.1557/JMR.2003.0348. 
[143] Robie RA, Hemingway BS. Thermodynamic properties of minerals and related 
substances at 298.15 K and 1 Bar (105 Pascals) pressure and at higher temperatures. U.S. 
Government Printing Office; 1995. 
[144] Jenkins HDB. CRC handbook of chemistry and physics 1999–2000: A ready-
reference book of chemical and physical data. Boca Raton, FL: CRC Press; 1998. 
 162 
[145] Takayama-Muromachi E, Navrotsky A. Energetics of compounds (A2+B4+O3) 
with the perovskite structure. Journal of Solid State Chemistry 1988;72:244–56. 
https://doi.org/10.1016/0022-4596(88)90028-X. 
[146] Majzlan J, Navrotsky A, Neil JM. Energetics of anhydrite, barite, celestine, and 
anglesite: a high-temperature and differential scanning calorimetry study. Geochimica et 
Cosmochimica Acta 2002;66:1839–50. https://doi.org/10.1016/S0016-7037(01)00881-X. 
[147] Chase, M. W. J. NIST-JANAF Thermochemical Tables. University Park, MD: 
American Institute of Physics; 1998. 
[148] Rane MV, Navrotsky A, Rossetti GA. Enthalpies of formation of lead zirconate 
titanate (PZT) solid solutions. Journal of Solid State Chemistry 2001;161:402–9. 
https://doi.org/10.1006/jssc.2001.9355. 
[149] Kesson SE, White TJ. Radius ratio tolerance factors and the stability of 
hollandites. Journal of Solid State Chemistry 1986;63:122–5. 
https://doi.org/10.1016/0022-4596(86)90160-X. 
[150] Duffy JA. Ionic−covalent character of metal and nonmetal oxides. The Journal of 
Physical Chemistry A 2006;110:13245–8. https://doi.org/10.1021/jp063846j. 
[151] Lebouteiller A, Courtine P. Improvement of a bulk optical basicity table for 
oxidic systems. Journal of Solid State Chemistry 1998;137:94–103. 
https://doi.org/10.1006/jssc.1997.7722. 
 163 
[152] Fierro JLG. Metal oxides: Chemistry and applications. 1st edition. Boca Raton, 
FL: CRC Press; 2005. 
[153] Navrotsky A. Thermodynamics of formation of some compounds with the 
pseudobrookite structure and of the FeTi2O5-Ti3O5 solid solution series. American 
Mineralogist 1975;60:249–56. 
[154] Majzlan J, Navrotsky A, Casey WH. Surface enthalpy of boehmite. Clays and 
Clay Minerals 2000;48:699–707. https://doi.org/10.1346/CCMN.2000.0480611. 
[155] Mazeina L, Navrotsky A. Surface enthalpy of goethite. Clays and Clay Minerals 
2005;53:113–22. https://doi.org/10.1346/CCMN.2005.0530201. 
[156] Amoroso J, Marra JC, Tang M, Lin Y, Chen F, Su D, et al. Melt processed 
multiphase ceramic waste forms for nuclear waste immobilization. Journal of Nuclear 
Materials 2014;454:12–21. https://doi.org/10.1016/j.jnucmat.2014.07.035. 
[157] Fitting DW, Dubé WP, Siewert TA. Monitoring the solidification of single-crystal 
castings using high-energy X-ray diffraction. J Met 1999;51. 
https://www.tms.org/pubs/journals/jom/9907/fitting/fitting-9907.html 
[158] Ahmmad B, Leonard K, Shariful Islam Md, Kurawaki J, Muruganandham M, 
Ohkubo T, et al. Green synthesis of mesoporous hematite (α-Fe2O3) nanoparticles and 
their photocatalytic activity. Advanced Powder Technology 2013;24:160–7. 
https://doi.org/10.1016/j.apt.2012.04.005. 
 164 
[159] D. Tuschel. Selecting an excitation wavelength for Raman spectroscopy. 
Spectroscopy 2016;31:14–23. 
[160] Weber WJ, Wald JW, Matzke Hj. Effects of self-radiation damage in Cm-doped 
Gd2Ti2O7 and CaZrTi2O7. Journal of Nuclear Materials 1986;138:196–209. 
https://doi.org/10.1016/0022-3115(86)90006-1. 
[161] Sattonnay G, Moll S, Thomé L, Decorse C, Legros C, Simon P, et al. Phase 
transformations induced by high electronic excitation in ion-irradiated Gd2(ZrxTi1−x)2O7 
pyrochlores. Journal of Applied Physics 2010;108:103512. 
https://doi.org/10.1063/1.3503452. 
[162] Park S, Lang M, Tracy CL, Zhang J, Zhang F, Trautmann C, et al. Response of 
Gd2Ti2O7 and La2Ti2O7 to swift-heavy ion irradiation and annealing. Acta Materialia 
2015;93:1–11. https://doi.org/10.1016/j.actamat.2015.04.010. 
[163] Sattonnay G, Sellami N, Thomé L, Legros C, Grygiel C, Monnet I, et al. 
Structural stability of Nd2Zr2O7 pyrochlore ion-irradiated in a broad energy range. Acta 
Materialia 2013;61:6492–505. https://doi.org/10.1016/j.actamat.2013.07.027. 
[164] Mouginot R, Sarikka T, Heikkilä M, Ivanchenko M, Ehrnstén U, Kim YS, et al. 
Thermal ageing and short-range ordering of Alloy 690 between 350 and 550 °C. Journal 
of Nuclear Materials 2017;485:56–66. https://doi.org/10.1016/j.jnucmat.2016.12.031. 
 165 
[165] Barnard L, Young GA, Swoboda B, Choudhury S, Van der Ven A, Morgan D, et 
al. Atomistic modeling of the order–disorder phase transformation in the Ni2Cr model 
alloy. Acta Materialia 2014;81:258–71. https://doi.org/10.1016/j.actamat.2014.08.017. 
[166] Ding Y, Shen X, Sithambaram S, Gomez S, Kumar R, Crisostomo VMB, et al. 
Synthesis and catalytic activity of cryptomelane-type manganese dioxide nanomaterials 
produced by a novel solvent-free method. Chemistry of Materials 2005;17:5382–9. 
https://doi.org/10.1021/cm051294w. 
[167] Kraytsberg A, Ein‐Eli Y. Higher, Stronger, Better… A review of 5 volt cathode 
materials for advanced lithium-ion batteries. Advanced Energy Materials 2012;2:922–39. 
https://doi.org/10.1002/aenm.201200068. 
[168] Sakao M, Kijima N, Akimoto J, Okutani T. Lithium insertion and extraction 
properties of hollandite-type KxTiO2 with different K content in the tunnel space. Solid 
State Ionics 2013;243:22–9. https://doi.org/10.1016/j.ssi.2013.04.013. 
[169] Yuan Y, Zhan C, He K, Chen H, Yao W, Sharifi-Asl S, et al. The influence of 
large cations on the electrochemical properties of tunnel-structured metal oxides. Nature 
Communications 2016;7:13374. https://doi.org/10.1038/ncomms13374. 
[170] Fedotov SS, Luchinin ND, Aksyonov DA, Morozov AV, Ryazantsev SV, 
Gaboardi M, et al. Titanium-based potassium-ion battery positive electrode with 
extraordinarily high redox potential. Nature Communications 2020;11:1484. 
https://doi.org/10.1038/s41467-020-15244-6. 
 166 
[171] Weber H, Schulz H. Ionic conduction in one dimension: A structural study of the 
hollandite K1.54Mg0.77Ti7.23O16 over the range 133 ≤ T ≤ 919 K. The Journal of Chemical 
Physics 1986;85:475–84. https://doi.org/10.1063/1.451820. 
[172] Geisel T. Interacting Brownian particles and correlations in superionic 
conductors. Physical Review B 1979;20:4294–302. 
https://doi.org/10.1103/PhysRevB.20.4294. 
[173] Réau J-M, Moali J, Hagenmuller P. Etude de la conductivite ionique des solutions 
solides de structure hollandite KxMx2Ti8−x2O16 (M = Mg, Zn) et KxAlxTi8−xO16. Journal of 
Physics and Chemistry of Solids 1977;38:1395–8. https://doi.org/10.1016/0022-
3697(77)90014-2. 
[174] Kudo T, Obayashi H. Mixed electrical conduction in the fluorite‐type 
Ce1−xGdxO2−x/2. Journal of the Electrochemical Society 1976;123:415. 
https://doi.org/10.1149/1.2132840. 
[175] Faber J, Geoffroy C, Roux A, Sylvestre A, Abélard P. A Systematic investigation 
of the dc electrical conductivity of rare-earth doped ceria. Applied Physics A 
1989;49:225–32. https://doi.org/10.1007/BF00616848. 
[176] Wang S, Kobayashi T, Dokiya M, Hashimoto T. Electrical and ionic conductivity 
of Gd‐doped ceria. Journal of the Electrochemical Society 2000;147:3606. 
https://doi.org/10.1149/1.1393946. 
 167 
[177] Tuller HL, Nowick AS. Small polaron electron transport in reduced CeO2 single 
crystals. Journal of Physics and Chemistry of Solids 1977;38:859–67. 
https://doi.org/10.1016/0022-3697(77)90124-X. 
[178] Guo X, Maram PS, Navrotsky A. A correlation between formation enthalpy and 
ionic conductivity in perovskite-structured Li3xLa0.67−xTiO3 solid lithium ion conductors. 
Journal of Materials Chemistry A 2017;5:12951–7. 
https://doi.org/10.1039/C7TA02434G. 
 
